inositol-requiring enzyme 1 alpha (IRE1α), initiate the cellular answer to ER stress, the UPR. Immunoglobulin heavy-chain-binding protein (Bip), also referred to as glucose regulated protein 78 (GRP78), is bound to these transmembrane stress sensor-proteins, keeping them in an inactive state. As accumulation of (misfolded, unfolded) proteins occur in the ER, GRP78 dissociates from PERK, ATF6α and IRE1α in order to bind and fold these client proteins, thereby activating the UPR signaling pathways governed by these three ER stress-sensor proteins [3] . Upon activation by autophosphorylation and dimerization, PERK signaling leads to global translational repression, via direct phosphorylation of its target eukaryotic translation initiation factor alpha (eIF2α), which leads to a reduced protein burden in the ER and in turn allows the selective translation of activating transcription factor 4 (ATF4) [1] [2] [3] 4] . ATF4 has been shown to increase the expression of genes involved in amino acid metabolism, antioxidant responses and autophagy [4] . ATF4 is also essential for the transition from adaptive to proapoptotic ER stess-programs when cells are suffering from excessive or long-term accumulation of unfolding proteins. The major mechanism driving apoptosis by ATF4 is the induction of the pro-apoptotic transcription factor CCAAT/enhancer binding protein (EBP) homologous protein (CHOP) [5, 6] which downstream induces the mitochondrial apoptosis pathway [7] .
When activated by ER stress, 90kDa ATF6α is transported to the Golgi apparatus, where it is processed by specific site1 and site2 proteases, thereby releasing the NH 2 -terminal cytosolic fragment p50ATF6(N), which migrates to the nucleus to serve as a potent transcription factor for ER chaperones (GRP78, GRP94, calreticulin, calnexin), thus increasing the folding capacity of the ER [1] [2] [3] .
IRE1α is a kinase and endoribonuclease which is acticated upon ER stress by dimerization and autophosphorylation. Active IRE1α catalyzes the unconventional splicing of the mRNA encoding X-box binding protein 1 (XBP1), resulting in a spliced variant encoding for an active transcription factor (XBP1s), which, in turn, further upregulates chaperone production and proteins involved in ERAD (ER associated degradation) function, the pathway involved in disposal of terminally misfolded proteins by the ubiquitin-proteasome pathway [1] [2] [3] 8] . In addition, p50ATF6(N) is also indirectly involved in induction of ERAD through upregulating the XBP1 mRNA [9] .
If ER stress is not resolved by adaptive UPR signaling, several ER stress-mediated apoptosis pathways are induced to enforce the death of the concerned cell, such as activation of c-Jun amino-terminal kinase (JNK) via a complex of (dimerized) phosphorylated (p)IRE1α, TRAF2 (TNF receptor-associated factor 2) and ASK1 (apoptosis signal-regulating kinase 1) [10] , activation of ER stressspecific caspases 4 (human) and 12 (mouse) [11, 12] , and induction of the pro-apoptotic ER-stress associated transcription factor CHOP [5, 6] . CHOP is a member of the C/EBP transcription factor family that heterodimerizes with other C/EBPs and mediates induction of apoptosis through the mitochondrial pathway. These heterodimers control the expression of Bcl-2 family members and enforce dimerization of Bax proteins which triggers cytochrome c-release and formation of the apoptosome [7, 13] . According to the current paradigm, the ATF4 -, ATF6α -and XBP1-pathways coordinate to activate the CHOP gene to the optimal level under severe ER stress conditions [2, 3, 14, 15] .
Additionally, and more recently, new molecular mechanisms of apoptosis triggered by hyperactivated IRE1α have been identified: i) The Regulated IRE1 Dependent Decay (RIDD) dependent degradation of mRNAs by IRE1α has been proposed to perform the role of a cell death-executioner by degrading mRNAs encoding pro-survival proteins (i. e. chaperones) during prolonged ER stress [16, 17] . ii) IRE1α also degrades selected microRNAs (miRs), such as miR-17, miR34a, miR-96, and miR-125b to promote translation of caspase-2 (which is normally repressed by these miRs). Increased expression of Casp2 mRNA then contributes to apoptotic cell death through proteolytic cleavage of Bid, which then causes cytochrome c release from mitochondria [18] . iii) IRE1α and PERK signaling were shown to induce pro-oxidant TXNIP (Thioredoxin-interacting protein), leading to activation of the NLRP3 inflammasome and IL-1β expression, and consecutively, cell death [19, 20] . Whether hyperactivation of IRE1α occurs independently of CHOP induction or after CHOP induction, has not yet been clarified.
Induction and role of CHOP in ER stressinduced apoptosis
Induction of the transcription factor CHOP, also known as growth arrest-and DNA damage-inducible gene 153 [GADD153]), is a critical cellular response for the transcriptional control of ER stress-induced apoptosis. CHOP is expressed at very low levels in non-stress conditions, but is robustly upregulated in chronic ER stress [3, 6] . In vitro overexpression of CHOP results in apoptosis [21] [22] [23] , while deficiency of CHOP protects cells from apoptosis [24, 25] .
To date, it is believed that the transcriptional induction of CHOP during ER stress is regulated by four cis-acting elements, namely by two amino-acid-response elements AARE1 and AARE2 (also designated as C/EBP-ATF binding sites), and by two ER stress-response elements ERSE1 and ERSE2 [1] [2] [3] . It has been documented that PERK/eIF2α signaling is an absolute requirement for induction of the CHOP gene during ER stress and that ATF4 may activate CHOP transcription during the early stress response by binding to both AARE´s [4, 15, 26] , whereas the IRE1α/XBP1-and ATF6α pathways have been implicated in induction of CHOP expression in late ER stress through binding to the ERSE elements [14, 27] . Of note, induction of CHOP in vitro could be achieved in HeLa cells with single overexpression of nuclear p50ATF6(N) as ER stress trigger [14] .
Upon induction and nuclear translocation, CHOP upregulates the transcription of proapoptotic factors such as BH-3 only (Bim) [28] and death receptor 5 (DR5) [3] , and down-regulates anti-apoptotic genes such as B-cell leukemia/lymphoma 2 protein (Bcl-2) [13] . Moreover, CHOP has been implicated in exaggerated ROS production by upregulation of the UPR-regulated oxidative protein folding machinery (represented by ER oxidoreductin 1α, ERO1α) in the ER, which is directly contributing to ROS generation through the oxidation of disulfide bonds [29] . Furthermore, CHOP induces expression of GADD34 (growth arrest and DNA damage 34), a subunit of type 1 protein phosphatase that directs elongation factor eIF2α-dephosphorylation to increase mRNA translation, thereby enhancing protein synthesis in the stressed ER [29] . Taken together, persistent ER stress, through induction of CHOP, may lead to an "overactive" UPR resulting in excessive protein synthesis and ROS accumulation, and, finally, cell death [29] .
CHOP belongs to the ′basic leucine zipper domain′ (bZIP) family, and it is suggested that the majority of the proapoptotic function of CHOP resides in the carboxyterminal bZIP region. In order to function as an apoptotic promotor, CHOP heterodimerizes with other members of the bZIP family such as ATF4 [30] , and most notably with C/EBPβ (isoforms C/EBPβ-LIP and C/EBPβ-LAP [31] [32] [33] ). Importantly, Chop (-/-) mouse embryonic fibroblasts (MEFs) are more resistant to ER stress-induced apoptosis (tunicamycin treatment) than their wild-type counterparts [6] . In addition, the same was observed for Cebpb (-/-) MEFs [6] , thus underscoring the relevance of this transcription factor in regulation of genes downstream of CHOP during severe ER stress. Moreover, CHOP has been shown to be involved in IL6 induction through trapping of inhibitory C/EBPβ-LIP and promoting of C/EBPβ-LAP-mediated transcription of the IL6 gene [34] , thus being a potent inducer of inflammatory events in response to ER stress. In line with this, the ER stress induced CHOP pathway has been reported to be involved in interleukin-1β (IL1β) production via the induction of caspase-11, and which occurs also in response to non-inflammatory stimuli such as tunicamycin [25, 35] .
Other identified target genes of CHOP involve close homologues of the actin-binding proteins villin and gelsolin [32] . The latter has been found to undergo cleavage by caspase 3 during programmed cell death, and the N-terminal fragment generated by this cleavage causes cytoskeletal collapse resulting in apoptotic cell death [36] .
Tribbles homolog 3 (TRB3) is a proapoptotic gene induced by cooperation of ATF4 and CHOP [30] . It has been reported to dephosphorylate the survival-related protein AKT, whose inactivation is essential for the conformational change and translocation of Bax-proteins to mitochondria [37, 38] . Thus, TRB3 represents a link between ER stressinduced CHOP and AKT dephosphorylation in inducing Bax-translocation to induce apoptosome formation [30] .
More recently, CHAC1, encoding the glutathionespecific gamma-glutamylcyclo-transferase 1-enzyme, has been reported as a proapoptotic target gene of the ATF4-ATF3-CHOP pathway, but inhibition of CHOP by RNAi mediated gene silencing was sufficient to prevent UPRinduced CHAC1 expression in response to tunicamycin in several tumor cell lines [39] . CHAC1 is reported to lead to depletion of intracellular glutathione levels through degradation, which is an important factor for apoptosis initiation and execution [40] . Moreover, CHAC1 overexpression in vitro resulted in augmentation of TUNEL staining, cleavage of PARP, and nuclear translocation of AIF, but not in caspase-3 cleavage (but which is induced by CHOP through the mitochondrial apoptosis pathway), thus underscoring the ability of CHOP to induce various apoptotic pathways in response to severe ER stress [39] .
The Idiopathic Interstitial Pneumonias -an introduction
Idiopathic interstitial pneumonias (IIPs) are a heterogenous subgroup of the family of diffuse parenchymal lung diseases (DPLDs), the latter of which also includes DPLD of known causes such as drugs (i. e. amiodarone), association with collagen vascular disease, or granulomatous DPLD such as sarcoidosis [41, 42] . According to the revised ATS/ERS classification of the IIPs, the major IIPs comprise the following entities: (1) idiopathic pulmonary fibrosis (IPF), (2) idiopathic nonspecific interstitial pneumonia (NSIP), (3) respiratory bronchiolitis-interstitial lung disease (RB-ILD), (4) desquamative interstitial pneumonia (DIP), (5) cryptogenic organising pneumonia (COP) and (6) acute interstitial pneumonia [41, 42] . Although all IIPs are characterized by their unknown aetiology, the common histological feature is a distortion of the lung interstitium by highly variable combinations of inflammation and fibrosis -″interstitial pneumonia″ [41, 42] . The ″fibrotic change″ in the IIPs has been commonly suggested as thickening of alveolar walls, resulting from deposition of fibrotic tissue between the alveolar epithelial and capillary endothelial basement membranes. The process of alveolar wall thickening is thought to start with repetitive injuries to alveolar epithelial cells (AEC), resulting in collapse of alveoli, and alveolar exudates promote consecutive proliferation and migration of fibroblasts from the interstitium. A subgroup of fibroblasts may differentiate into contractile proteinexpressing myofibroblasts, which produce and secrete large amounts of ECM components, thereby resulting in the formation of fibroblastic tissue and scars. The outcome of fibroblastic tissue and scar formation is variable among the IIPs and seems to be determined primarily by alveolar epithelial cell integrity after injury [41, 42] .
IPF is the most common form of the IIPs, and has a poor prognosis. It is histologically defined by the usual interstitial pneumonia (UIP) pattern, and typically affects individuals aged 50 to 75 years and occurs somewhat more frequently in men [41, 43, 44] . UIP is characterized by a dense fibrosis that causes destruction of the alveolar architecture, with frequent honeycombing and bronchiolization of the alveoli, scattered fibroblast foci, and patchy lung involvement. At low magnification, the lung characteristically has a heterogenous appearance with alternating areas of normal parenchyma, fibrosis, and (bronchiolized) honeycomb cysts [41, 43, 44] . Up to one in five patients with IPF have a family history of interstitial lung disease, comprising the syndrome of familial interstitial pneumonia (FIP) [45] . Familial and sporadic IP diseases are clinically and histologically indistinguishable, but FIP tends to present at an earlier age [44, 46] . FIP has been linked to rare heterozygous mutations in genes encoding for components of the pulmonary surfactant system [surfactant protein A2 (SFTPA2), surfactant protein C (SFTPC)] or proteins involved in telomere maintenance [telomerase reverse transcriptase (TERT), telomerase RNA component (TERC), dyskerin (DKC1) and some other telomere-associated genes], that account for 10-15% of FIP cases [46] .
The molecular pathomechanisms underlying IPF and other IIP in general are incompletely understood. According to the current paradigm, IPF is thought to be the result of chronic injury to the alveolar epithelium that activates aberrant repair processes resulting in replacement of alveolar architecture with fibrotic scars and cysts lined by abnormal bronchiolar epithelium [43, 47, 48] . Consistent with a central role for the alveolar epithelium in disease pathogenesis, apoptosis of type-II alveolar epithelial cells (AECII) is a prominent finding in IPF [49] [50] [51] [52] , which has been also observed in patients with chronic extrinsic allergic alveolitis (EAA), NSIP and other ILD´s [23, 53, 54] . Multiple lines of evidence underscore a pivotal role of alveolar epithelial ER stress leading to AECII apoptosis in the pathogenesis of IPF. Mutations in the gene for surfactant protein (SP)-C, an AECII-specific protein, were associated with ER stress in AECII and familial interstitial pneumonia (FIP) in both children and adults (55) (56) (57) (58) . Moreover, the finding of proapoptotic ER stress in AECII is also prominent in patients with sporadic IPF (and other IIP) in the absence of any gene mutation (23, 58, 62 ) -and does not seem to differ in extent from familial IPF cases [58] . Besides, induction and nuclear translocation of CHOP in AECII is an eminent observation in UIP lungs [59, 63] , but also in patients with Hermansky-Pudlak Syndrome 1 (HPS1)-associated IP (HPS-IP) [64] , as well as in individuals with systemic sclerosis (Ssc)-associated ILD [23] . In both of these latter diseases, pulmonary fibrosis is the leading cause of mortality and morbidity and frequently imposes with an UIP pattern [64, 65] . Additionally, increased protein contents of p-IRE1α have been encountered in the AECII of IPF patients [61] . It can thus be hypothesized that pro-apoptotic signaling in IPF-AECII largely involves CHOP and p-IRE1α. Moreover, increased inflammation, which has been reported as a secondary and end-stage effect in IPF, may underly increased proapoptotic signaling through p-IRE1α as well as CHOP, which both are able to produce IL1β [19, 20, 25, 35] .
The evidence for such prominent role of ER stress in IPF (and other IIP, such as fibrotic NSIP) is detailed in the following chapters.
3 ER stress in genetically defined forms of pulmonary fibrosis 3.1 ER stress in Familial Interstitial Pneumonia (FIP) due to SFTPC mutations FIP is most commonly associated with UIP on lung biopsy [44] , and according to recent reports it has been suggested that up to 20% of cases of IPF might be familial [44, 46] . Initial insights into the role of ER stress in IPF came from the observation that SFTPC mutations were associated with FIP in both adults (mostly IPF) and pediatric patients (mostly NSIP, DIP). Meanwhile, over 60 different mutations in the SFTPC gene have been described in FIP [66] .
SP-C is a very hydrophobic peptide which is synthesized exclusively by AECII as a 21 kDa precursor (proSP-C) and is further processed into its 4.2 kDa mature form through more than four sequential proteolytical cleavages. Only then it will be secreted together with surfactant protein B (SP-B) and phospholipids and other surfactant components into the alveolar space [67] . The enzymes involved in SP-C processing are the aspartyl proteases napsin A [68] and pepsinogen C [69] and the cysteine protease cathepsin H [70] . Importantly, SP-C processing is a sensitive multistep-enzymatic process and is dependent on the successful transport through the regulated secretory pathway and the correct lysosomal environment [67] .
Many of the known SP-C mutations reside within the preprotein´s BRICHOS domain, a ~100 amino acid region in the COOH-terminal area. This region bears homology to a number of proteins linked to familial neurodegenerative disease and amyloid formation [71] . The mutations result in misfolding of the proprotein and subsequent intracellular aggregate formation [56, 72] . In detail, Nogee et al. first described in 2001 a SFTPC gene mutation in the BRICHOS domain (c.460 + 1 G → A) on one allele, which resulted in alternative splicing of the SP-C transcript and deletion of exon 4 including its 37 amino acids (∆exon4) [55] . Due to elimination of crucial disulfide bridgeforming cysteines (C120/C121), the mutated proprotein cannot be properly folded for proteolytical cleavages, and thus cannot be processed into its mature form. As consequence of misfolding and complete abrogation of post-translational processing, the abnormal SP-Cproprotein is retained inside the ER, followed by cytosolic accumulation and aggregation of that unprocessed 21 kDa proSP-C and induction of severe ER stress and caspase-3-activation (shown in vitro by overexpression in alveolar epithelial tumor cell lines) [57, 72, 73] . Moreover, due to aggresome formation, clearance of misfolded proSP-C by ER associated degradation (ERAD) pathways is inhibited [57, 73] . Likewise, a different reported BRICHOS SFTPC mutation leads to substitution of glutamine for leucine at amino acid position 188 of proSP-C, which is very close to another crucial disulfide bridge-forming cysteine (C189), and which, in vitro, resulted in aggresome formation, proteasome inhibition and apoptosis [56, 73] . In patients, these two heterozygous mutations were associated with NSIP, DIP and PAP in pediatric cases and NSIP or (mostly) UIP in adults, with prominent ER stress in AECII and no detectable mature SP-C in patients´ lungs, suggesting a dominant-negative effect of the mutant allele [55, 56] . Indeed, it could be shown in vitro that SP-C ∆Exon4 and SP-C L188Q bind to SP-C wt via heteromeric association during dimeric sorting in the Golgi-apparatus, thereby inhibiting the trafficking and further processing of SP-C wt in distal vesicles through misleadingly guiding it to aggresome formation together with the mutant SP-C proteins [72, 74] .
Interestingly, overexpression of both BRICHOS domain mutants SP-C ∆Exon4 and SP-C L188Q in lung epithelial cells in vitro did not result in induction of the ER stressassociated proapoptotic transcription factor CHOP, but in increased c-jun kinase (JNK) signaling as well as activation of the ER-specific caspase-4, which both lead to caspase-3 mediated cell death in the setting of overwhelming ER stress [75] . In contrast to these reports, two independent research groups observed that alveolar epithelial A549 cell lines underwent epithelial-to-mesenchymal transition (EMT) in response to ER stress induced by in vitrooverexpression of SP-C ∆Exon4 and SP-C L188Q , as indicated by induced expression of myofibroblastic cell markers α-SMA and S100A4 in transfected cells, and without any signs of apoptosis [76, 77] . In line with these observations, conditional overexpression of human SP-C L188Q in AECII of transgenic mice in vivo revealed pronounced induction of ER stress, but without apoptotic signaling in alveolar epithelium [78] . Consequently, AECII death and the development of lung fibrosis were not observed in these mice, not even with the transgene being shut-on for six months. However, elevated development of lung fibrosis was observed in SP-C L188Q overexpressing mice in response to bleomycin treatment in comparison to wt (background) mice, suggesting the requirement of a ″second hit″ on top of alveolar epithelial ER stress [78] . In line with this notion, Bridges et al.. (2006) described that HEK293 cells with stable overexpression of SP-C ∆Exon4 adapted to chronic ER stress imposed by the mutant SP-C proprotein, presumably due to activation of cytoprotective UPR pathways, but revealed an increased susceptibility to virus infection in comparison to empty-vector transfected cells. Moreover, virus-infected HEK293 cells stably expressing the SP-C ∆Exon4 -mutant indicated an aggravated ER stressresponse with induction of cell death when compared to non-infected SP-C ∆Exon4 expressing cells, presumably as a result of overwhelmed ERAD and cellular quality controlapparatus due to accumulation of both the virus-envelope proteins and the misfolded SP-C mutant [79] . Indeed, herpesvirus DNA and proteins (EBV, CMV, HHV-8) have been detected in the lungs of patients with IPF, with early studies showing herpesvirus infection (EBV) localized to AECII [80] . In addition, two studies from the Vanderbuilt group (Lawson et al., 2008; Kropski et al., 2015) have reported that various herpesvirus (envelope) proteins were localized in AECIIs of patients with sporadic and familial IPF in IHC-studies and colocalized with XBP1 and GRP78, suggesting that herpesviruses may indeed play a role in disease progression of IPF [58, 81] . On the other hand, ER stress is also commonly detected in lungs of IPF patients without herpesvirus infection [81] .
These observations nevertheless suggest that the low penetrance of these mutations in FIP, with great variability in the severity and the age of onset of lung fibrosis, may be related to environmental insults [82] . It is also an astonishing fact that genetically related individuals with SFTPC associated-FIP raised in different environments developed either IPF as adults or the milder entities DIP, PAP and NSIP in childhood [56, 83] .
In addition to these both clinically characterized BRICHOS domain-SP-C mutations, over 60 additional SFTPC mutations associated with interstitial lung disease have been reported, with various locations within the SP-C propeptide [66] . A heterozygous non-BRICHOS missense mutation, leading to a substitution of threonine for isoleucine at position 73 of proSP-C (SP-C I73T ), has been identified in multiple unrelated families and is the most frequent SFTPC mutation observed to date [84, 85] . Importantly, this gene mutation occurs also in sporadic cases of IP and demonstrates that even sporadic IP may have a genetic basis due to spontaneous mutation [86] . Similarly to SP-C ∆Exon4 and SP-C L188Q , there is a strong variability in the ″ILD-outcome″ and onset of disease amongst mutation carriers, ranging from early fatal disease in children and UIP/IPF in adults [84, 85] . Again, this example further illustrates that childhood ILD and adult IPF represent the two faces of the very same, genetically based pathomechanism, which presumably requires environmental modifiers for ultimative diseasedevelopment.
The cellular consequences of mutant SP-C , thereby confirming the cell-surface localization of the accumulated SP-C I73T mutant [87, 90] . In accordance with these observations, Hawkins and co-workers recently observed that the overexpressed SP-C I73T mutant is re-internalized through the endosomal compartment and led to an aberrant protein turnover within the lysosomal/autophagic machinery, resulting in marked disruption of autophagy-dependent proteostasis [91] . As a consequence, accumulation of large vacuoles containing both unprocessed proteinacous debris and elevated autophagy markers (LC3, p62, parkin) occured, which is indicative of an impaired cellular degradative capacity in SP-C I73T overexpressing cells [91] and which might also involve development of ER stress in affected cells. In line with this suggestion, Woischnik et al. showed that disturbed cellular function in epithelial MLE12 cells overexpressing mutant SP-C I73T could be alleviated by exposure of cells to pharmaceutical drugs used for ILD therapy, such as cyclophosphamide, hydroxychloroquine and methylprednisolon, which led to an induction of chaperones Hsp70/Hsp90, and the ER quality controlapparatus component calreticulin [92] . In another study the same group could show that stable overexpression of mutant SP-C I73T in A549 cells led to marked intracellular accumulation of misprocessed proSP-C-intermediates in the molecular weight-range 16-25 kDa, that were also seen in cells expressing the BRICHOS mutants SP-C A116D and SP-C L188Q , when compared to SP-C wt expressing cells. Despite these pronounced cellular alterations, A549 cells overexpressing mutant SP-C I73T did neither show intracellular accumulation of Congo red-positive aggregates nor indicated any signs of increased ER stress [93] . Moreover, the authors did not observe the development of significant ER stress in A549 cells in response to stable overexpression of SP-C-BRICHOS mutants SP-C L110R , SP-C A116D , SP-C L188Q and SP-C P115L , although all these SP-C mutants led to intracellular accumulation of Congo redpositive aggregates, and were associated with generation of aberrant, misprocessed proSP-C intermediates (except SP-C P115L ) in transfected cells [93] . However, it should be mentioned that the authors analyzed only the expression of GRP78 as ER stress-readout-parameter in their in vitro-models, whereas direct activation of the three UPR sensors ATF6α, IRE1α and PERK was not assessed [93] . Under conditions of ER stress when unfolded or misfolded proteins accumulate in the lumen of the ER, (constitutively expressed) bound GRP78 dissociates from ATF6α, IRE1α and PERK to chaperone the misfolded proteins thereby permitting the activation of one or more of these ER stress transducers, which may include the upregulation of GRP78 and/or other ER stress-response-element (ERSE) genes by the ATF6α-pathway [1-3]. However, whether there is induction of GRP78 in response to misfolded proteins, might depend on the nature of the malfolded protein. Several abnormalities, including exposure of hydrophobic regions, unpaired cysteines and the tendency to form aggregates, might also result either in immediate activation of proapoptotic ER stress signaling pathways or in induction of ER stress-mediated autophagy. The latter has been shown to be linked to PERK/ATF4-activation [4] . ER stress has also recently been reported to upregulate the E3 ubiquitin ligase Nedd4-2 through spliced XBP1 to induce autophagy in the livers of high-fructose and highfat diet-fed mice [94] . Vice versa, various reports exist that impaired autophagy can induce proapoptotic ER stress [95] .
Taken together, both the in vitro and in vivo studies about the cellular consequences of mutant SP-C I73T overexpression should include a more comprehensive analysis for ER stress markers; such studies are also awaited for other disease-associated SFTPC mutations.
Despite the reported finding of insufficient processing of SP-C I73T in A549 cells in vitro, completely processed mature SP-C could be found in BALF of mutation carriers in vivo [89] . Importantly, and in line with this observation, the majority of the non-BRICHOS domain SFTPC mutations (e. g. I73T, E66K) do not seem to exert a dominant-negative effect [66, 89] . As an exception, the non-BRICHOS domain mutant SP-C ∆91-93 , which has been linked to severe ILD in infants, has been shown to result in a substantial loss of both mature SP-C and SP-B in BALF of mutation carriers, and the minimum surface tension of the patient´s surfactant was increased (20 mN/m, normal < 5 mN/m). Moreover, some AECII were found to appear with disorganized appearing lamellar bodies, and aggregation of proSP-C was observed in a compartment separate from SP-B [96] . These results add to the concept that aggregation of misfolded SP-C also exerts a processing-and maturation defect of SP-B [66, 96] . Furthermore, the missense mutation P30L is the only SFTPC mutation described to date in the NH 2 -terminal region of proSPC, and has been associated with unspecified ILD [67, 93, 97] . Overexpression of SP-C P30L in A549 in vitro resulted in complete retention of the proprotein in the ER, formation of Congo red-positive aggregates, and processing of the mutant proprotein arrested in the 16 kDa-stage [93] . More recently, the novel missense SP-C mutation L55F has been identified in a pediatric patient with ILD from Japan, and was associated with the genesis of abnormally small and dense lamellar bodies in the AECII of patients´ lung [98] . Congo redpositive aggregates were not detected in explanted lung tissue. Moreover, A549 cells stably overexpressing SP-C L55F displayed numerous abnormal lysosomal-like organelles and increased dense core bodies of lysosomal-like compartments. In contrast to wt-proSP-C, mutant proSP-C L55F was only partially trafficked to (normal) CD63-positive cytoplasmic vesicles [98] . However, analyses of markers for ER stress and ERAD-or other degradation pathways such as autophagy were not addressed in this study [98] .
Of note, there has never been a report on gene mutations in SFTPC in COPD patients. This strengthens the evidence that these dominantly expressed mutations are disease-causing for IP [86] . Although more than 60 SFTPC gene mutations have been detected and associated with specified or unspecified ILD, a comprehensive analysis of the lung phenotypes including surfactant-BAL profiles from affected patients as well as of the detailed molecular pathomechanisms resulting from these mutated SP-C proteins remain still elusive for many BRICHOS domain-(e. g. L110R, P115L, A116D, A112T) and non-BRICHOS domain-SFTPC mutations. We hypothesize that alveolar epithelial ER stress is present in all of these familial ILD patients.
ER stress in Familial Interstitial Pneumonia due to SFTPA2 mutations
The identification of SFTPC mutations raised speculations that gene mutations in the other surfactant proteins might be found in FIP as well. Such was the case with SFTPA2 in 2009, when the first family with adult-onset IPF, but also, interestingly, with adenocarcinoma in some individuals of the same familiy, was linked to SFTPA2 mutations [99] .
Surfactant protein A (SP-A) is a major protein of pulmonary surfactant, is mainly hydrophilic, and is found in the airways and alveoli. SP-A comprises two lung-specific isoforms, SP-A1 and SP-A2, and belongs to the family of collectins that are innate-immune defense proteins, characterized by a NH 2 -terminal collagen-like region and COOH-terminal carbohydrate recognition (CRD) lectin domain [100] . SP-A is a large multimeric protein, because it assembles into a 18-subunit oligomer which is composed of six disulfide-bridged trimers (each consists of two SP-A1-and one SP-A2 monomer/s), forming a ″flower bouquet″ conformation [101] . Only a few years ago, the first two rare heterozygous missense mutations in exon 6 of the gene encoding SP-A2 (SFTPA2) have been identified in two families with adult-onset pulmonary fibrosis [99, 102] . Both dominant mutations (G231V and F198S) are located in the CRD domain and affect the highly conserved residues F198 and G231 which are conserved in all SP-A proteins of vertebrate air-breathing species [99] . In detail, Maitra and coworkers transiently overexpressed the SP-A2 G231V and SP-A2 F198S mutants in A549 cells and observed, that both mutant proteins were not secreted into the medium, whereas another rare SP-A2 Q223K variant (with a mutation in the non-conserved residue Q223 in the CRD region), which has not been linked to development of lung fibrosis in affected kindreds, was detected in the same amounts like wtSP-A1 and wtSP-A2 in the medium of transiently transfected cells [102] . Furthermore, SP-A2 G231V and SP-A2 F198S mutants, but not the SP-A2 Q223K variant, were not able to associate with both co-expressed wtSP-A isoforms and to form the typical trimer oligomers, presumably as a result of disruption of the tertiary structure of the CRD domain due to missense mutations of conserved crucial residues phenylalanine and glycine at positions 198 and 231 in SP-A2, respectively [102] . Instead, both mutants SP-A2 G231V and SP-A2 F198S retained in the ER and induced ER stress as shown by significant Grp78 upregulation and activation of the IRE1α/XBP1 pathway, and were rapidly degraded by the ERAD pathway. Despite observed proteasomal degradation, nonidet P-40-insoluble fractions were encountered in A549 cells overexpressing SP-A2
G231V and SP-A2 F198S mutants. Moreover, the SP-A2
G231V mutant sequestered coexpressed wtSP-A1 and wtSP-A2 into the detergent-insoluble fraction in A549 cells, thereby exerting a dominant-negative effect with similarities to the SP-C-BRICHOS domain mutants [102] . Importantly, apoptosis could not be detected in A549 cell lines transiently overexpressing the SP-A2 G231V and SP-A2 F198S mutants, thus indicating a milder cellular consequence of SFTPA2 gene mutations in comparison to SFTPC mutations which can cause ILD in children and younger adults [102] . Another reason why SFTPA2 mutations have been found associated exclusively with adult-onset disease might be the fact that the toxicity/ ability of the mutated hydrophilic SP-A2 to induce severe ER stress is more reduced when compared to the very hydrophobic SP-C proteins, which can form insoluble, non-degradable amyloid fibril deposits (wtand mutated SP-C) [103] . Furthermore, translated SP-A proteins are not subjected to an intensive, multi-step proteolytic processing through the secretory pathway in multiple subcellular compartments/vesicles as observed for proSP-C and proSP-B [67, 104] , and which may thus intrinsically contribute to the higher susceptibility to ER stress of the AECII in case of failure due to SFTPC/SFTPB gene mutations. On the other side, ER stress may be easily elevated in patients with SFTPA2 mutations, maybe due to increased protein synthesis of SP-A in the stressed ER as possible cellular response to lack of secreted SP-A2 in the alveolar space [102] .
It was speculated that the occurence of pulmonary fibrosis and adenocarcinoma in SFTPA2 mutation carriers of the same family may be caused by a modulated ER stressresponse [102] . Many ER resident proteins and markers of ″adaptive ER stress″ implicated in quality control/ERAD are upregulated in cancers in order to promote oncogenic transformation and tumor growth, and presumably to maintain the production of growth factors and ′cancerous′ survival proteins, thereby increasing aggressiveness and resistance to certain chemotherapeutic agents [105, 106] . Some scientists describe this phenomenon as the ′ER proteostasis addiction in cancer′ [106] . Though, protective ER stress in normal cells can be quickly converted into maladaptive, severe ER stress involving death signals by second hits such as environmental factors or by critically overwhelming protein synthesis in the ER [5, 79, 107] . Thus, it can be presumed that ER stress underlies both lung fibrosis and concomitant adenocarcinoma in patients with SFTPA2 mutations [102] . In line with this suggestion, many different epidemiology studies have noted an association between pulmonary fibrosis and lung cancer, especially in sporadic forms of IPF without any gene mutations [108] .
Very recently, three new SFTPA2 mutations were found in FIP, again with localization in exon 6: N210T, G231R and N171Y [109] . All three missense mutations were predicted to have deleterious consequences by in silico studies, and caused UIP (with features of DIP) and concomitant adenocarcinoma in heterozygous mutation carriers. However, the new mutations have yet not been experimentally tested [109] .
In general, future research should comprise a detailed in vivo-analysis of ER stress-protein markers in AECII and adenocarcinoma cells, as well as of accumulated SP-A2 in non-native aggregates in lung tissue of patients with SFTPA2 mutations by means of immunohistochemistry or immuno-EM, and should also include the quantitative analysis of SP-A in BALF of affected patients -because such studies have not been performed so far [99, 102, 109] .
ER stress in Familial Interstitial Pneumonia due to ABCA3 mutations
Gene mutations in ABCA3 (adenosine triphosphatebinding cassette transporter A3) have been shown to cause surfactant deficiency and fatal respiratory distress syndrome in full-term neonates [110] [111] [112] and chronic ILD including IPF in children and young adults [113] , and have also been associated with the induction of ER stress [114] . The ABCA3 gene encodes a 1704-amino acid lipid transporter that is highly expressed in the lung and is predominantly expressed at the limiting membrane of lamellar bodies in AECIIs [115] . The lamellar bodies are lysosome-related organelles and are critical storage organelles for pulmonary surfactant within the AECII; and ABCA3 transports surfactant phospholipids into lamellar bodies and is thus crucially involved in the proper biogenesis of these ′secretory lysosomes′, including the distal steps of hydrophobic surfactant protein processing, which occur in lamellar bodies necessarily for their maturation and secretion [110, [116] [117] [118] . Of note, more than 150 distinct mutations have been identified in the ABCA3 gene, making this the largest class of mutations that i) cause abnormalities in surfactant (protein) processing and metabolism due to loss or reduction of ABCA3 protein function and ii) result in genetic ILD (FIP) [111, 113, 119] . Most ABCA3 mutations are ″private″ and are restricted to families [119] . Interestingly, ABCA3 gene mutations are distributed throughout the whole gene and include nonsense-, frameshift-, missense-, splice site-, insertionand deletion mutations. Lung disease resulting from ABCA3 mutations is expressed in an autosomal-recessive manner, thus requiring mutations on both alleles [119] . Importantly, among patients with homozygous ABCA3 mutations or with two different (compound heterozygous) ABCA3 mutations, the pulmonary phenotype varies in terms of age and presentation and disease severity [111, 119, 120] . It is suggested that the phenotypic heterogeneity of lung disease associated with ABCA3 mutations may be presumably related to the amount of residual protein function (decreased protein function versus no functional protein), and the type of mutation (impaired trafficking/processing of ABCA3 versus defective lipid transport/ATP hydrolysis mediated lipid transport) [119, 121, 122] . In accordance with this notion, patients with the homozygous nonsense mutation in codon 1142 (W1142X), which results in no residual ABCA3 protein due to nonsense-mediated degradation of mRNA [123] , as well as patients with compound heterozygous mutations such as L982P/G1221S, which lead to retention of mutant ABCA3 L982P in the ER and significant impairment of ATP hydrolysis activity of the (correctly localized) ABCA3 G1221S mutant [122] , usually die because of surfactant deficiency within the neonatal period [123] . Other identified ABCA3 gene mutations associated with fatal lung disease and respiratory distress in full-term newborns (occuring homozygously or compound heterozygously) are the missense mutations R43L, R280C and L101P. Histologically, affected newborn-patients indicate either a PAP or DIP pattern, and, on ultrastructural level, reveal abnormal small lamellar bodies with more densely packed membranes (known as ′electron dense bodies′) [118, 123] . The fact that homozygous Abca3
(-/-) knockout mice die soon after birth, with no lamellar bodies and mature forms of SP-B/C in their AECII, underscores the relevance of this lipid transporter for proper surfactant processing and functional surfactant metabolism and thus life [117] .
As pathogenetic principle, two independent groups observed that some mutant ABCA3 proteins were retained completely (ABCA3 L982P and ABCA3 L101P ) or partially (ABCA3 R280C ) in the ER, presumably as a result of misfolding, and were consequently not (or only partially) post-translationally processed through the secretory pathway [114, 122] . In addition, Weichert and co-workers showed that A549 cells overexpressing the ABCA3 L101P mutant developed significant ER stress and apoptosis, as shown by increases in GRP78 expression, IRE1α-mediated XBP1-splicing, Annexin V surface staining, caspase-3 activation and decreases of intracellular levels of the antioxidant glutathione. These nocent effects were also encountered in ABCA3 R280C overexpressing cell lines, but to lesser extent. In contrast, the ABCA3 R43L mutant, which is successfully processed through the secretory pathway and found in LAMP3 positive vesicles, was not shown to induce ER stress and apoptosis, despite severe ILD in affected newborns and a marked functional defect of this mutant in lipid uptake and transport [114] . Similarly, the recently identified homozygous missense mutation G964D, which has been associated with a ′milder′ outcome and found in a teenage patient with IPF and an adult relative with NSIP, resulted in reduced ABCA3-mediated surfactant phospholipid accumulation with consequent defective lamellar body genesis. Again, the authors did not observe induction of ER stress in A549 cells overexpressing the ABCA3 G964D mutant, which revealed complete maturation and localization in lysosomal vesicles [121] . In addition, the most common ABCA3 disease-causing variant, the missense mutation E292V, which has been discovered in many unrelated families, has been recently shown to occur in adult IPF homozygous or in pediatric ILD compound heterozygous [86, 111, 124] . The cellular consequences of overexpression of mutant ABCA3 E292V in HEK293 cells were impaired lipid transport due to reduction of ATP hydrolysis of the completely processed, mutant transporter. Still, lipid transport in the mutant was decreased to 37% only of that of the wild-type protein, thus allowing a moderately preserved transport function of the mutant ABCA3 E292V protein [125] . The missense mutations E690K and T1114M, which were shown to occur only compound heterozygously with the E292V mutation in pediatric ILD, also revealed normal intracellular processing and localization but indicated much more severe defects in ATP-dependent catalysis of lipid transport than the E292V mutation [125] . These results suggest that the E292V mutation is responsible for the development of pediatric ILD in these patients, the phenotype of which is milder than that of fatal surfactant deficiency in neonates [125] .
In summary, ABCA3 mutations affecting the lipid metabolism have yet not been disclosed to induce ER stress in vitro and in vivo, but they may interact with regular processing of SP-B and SP-C. Similar to SP-C, SP-B is translated as a large 42 kDa precursor and processed by more than six proteolytical steps into its 8 kDa-mature form which is secreted as a dimer within the lamellar body into the alveolar space [104, 116] . Importantly, the final steps of proSP-B and proSP-C processing occur in multivesicular bodies and lamellar bodies [104, 110, [116] [117] [118] . Because lipid-transport affecting ABCA3 mutations have been predicted or in part even shown to cause abnormal lamellar body formation [111, 118] , proSP-B and proSP-C may be at risk of not being fully processed into their mature forms, thereby leading to intracellular accumulation of unprocessed proSP-B/-C intermediates. Indeed, infants with E292V mutation indicated accumulation of proSP-B, and lack of completely processed, mature SP-B in their AECII [111] . Moreover, accumulation of proSP-B occured also in the alveolar space, presumably as a result of aberrant secretion of unprocessed proSP-B [111] . This is in line with the study of Brasch et al. demonstrating unprocessed ~23 and ~17 kDa SP-B intermediates by immunoblotting in BALF of full-term newborns with various homozygous ABCA3 mutations affecting either processing or (ATP-mediated) lipid transport of this transporter [118] . Again, mature forms of SP-B and SP-C were absent or barely detectable in BALF of affected patients [118] .
Due to predicted intracellular accumulation of hydrophobic proSP-B (and also proSP-C) within the AECII as a result of defective lamellar body genesis in almost all ABCA3 mutations (including lipid transport-affecting mutations), it is intriguing to speculate that ABCA3 mutations are in principle associated with induction of ER stress, despite these two previous mentioned reports describing no ER stress induction in A549 cells overexpressing the ABCA3 R43L -or the ABCA3 G964D mutant [114, 121] . However, the research for ER stress was only restricted to markers GRP78, calnexin and XBP1, thereby ignoring the ATF6α-and PERK/ATF4 pathways [114, 121] . Furthermore, for the vast majority of ABCA3 mutations the cellular consequences of the altered proteins have not been disclosed which are presumably related to defective hydrophobic surfactant processing, abnormal intracellular protein accumulation, defective surfactant lipid composition, and lysosomal-and ER stress. We believe, that there is an urgent need to analyse the in vivo expression patterns of a complete set of ER stress-markers in lung biopsies of pediatric and adult ILD patients with ABCA3 gene mutations.
ER stress in Familial Interstitial Pneumonia: Mutations in Telomerase genes and other telomere-associated genes
Pulmonary fibrosis is observed in 20% of individuals with the genetic disorder dyskeratosis congenita (DC) [126] . DC is a disease of telomere shortening originally described as a rare inherited syndrome characterized by mucocutaneous findings that includes skin hyperpigmentation, nail dystrophy and oral leukoplakia, along with aplastic anemia [126, 127] . DC is most commonly caused by gene mutations in dyskerin (DKC1), which is a component of the telomerase ribonucleoprotein-complex. In addition, mutations in Telomerase genes TERT (TelomeraseReverse Transcriptase) and TERC (Telomerase RNA component), the latter of which is a specialized RNA that forms the template for the addition of (TTAGGG) n -repeats by the TERT enzyme, have also been reported as being responsible for DC [127] . Telomerase is responsible for elongation of telomeres in germ cells, stem cells and progenitor cells (but also cancer cells) during cell division. Telomerase activity in these cells provides the possibility for these cells to divide an unlimited number of times, whereas division number of somatic cells is limited, because somatic cells lack TERT expression [128] .
In 2007, two groups reported cases of adult-onset FIP (mostly IPF), who had no manifestations of DC, with heterozygous mutations in TERT or TERC. Both groups demonstrated that these mutations were associated with telomere shortening [129, 130] , which is a potential cause for triggering activation of a persistent DNA damage response at telomeres and the subsequent induction of cellular senescence or apoptosis in affected cells. Moreover, shortened telomeres were observed directly in the AECII of familial IPF patients, and were even commonly detected in IPF-AECII of sporadic cases, in the absence of any gene mutations in the Telomerase complex [131] .
In the case of adult stem cells, criticial shortening of telomeres impairs the stem cells capacity to regenerate tissues both in mice and humans, leading to many different age-related pathologies [132] . Conversely, critical short telomeres can also trigger re-activation and abnormal overexpression of TERT resulting in cancerous transformation of cells: this is the reason why telomereshortening syndromes are also associated with cancer [128] .
Importantly, in contrast to the rare SFTPC and SFTPA2 gene mutations which account only for 1-2% of all adult cases of FIP [133] , TERT and TERC mutations are the most common identified genetic cause of FIP, representing 15% of FIP kindreds [46] . Recently, two independent US groups identified missense mutations in Dyskerin/DKC1 in two kindreds with FIP [134, 135] . These mutations were demonstrated to be functionally deleterious, as they ultimately led to reduced expression of the TERC subunit and consequent telomere shortening [135] , with undetectably short telomeres in AECII in one patient who had died from IPF [134] . Dyskerin functions to stabilize TERC in the telomerase complex, by interacting with TERC through an essential RNA binding domain, which is affected by gene mutations [134] . Furthermore, gene mutations in components of the ′telomere-protecting′ Shelterin-telosome have been identified in adult FIP patients with concomitant other telomere syndromes such as idiopathic infertility and DC [136, 137] . The Telomeraseholoenzyme builts up a complex with the Shelterin proteins (POT1 = protection of telomeres 1, PTOP = POT1 and TINF2-interacting protein, TERF1/2 = telomeric repeatbinding factor 1/2, TINF2 = TERF1 interacting nuclear factor 2, TERF2IP = Telomeric repeat-binding factor 2-interacting protein 1), from which many bind and cap directly telomeric DNA, thereby sheltering (protecting) the telomeres from being recognized as dsDNA breaks or ssDNA, and from ATR/ATM-mediated DNA damage response-pathways [138] . Without the protective activity of the Shelterin-telosome, telomeres are no longer hidden from DNA repair mechanisms and chromosome ends are therefore incorrectly processed by these pathways [138, 139] .
In detail, the Shelterin component TINF2 has been found to be mutated by two independent researchers in a small subset of families with DC showing pulmonary fibrosis and marked telomere shortening thereby demonstrating that severe telomere uncapping contributes to dysfunction of telomere-metabolism [136, 137] . Further support for the impact of telomere-related pathways in pulmonary fibrosis stems from the very recent discovery of rare loss-of-function mutations in the gene encoding for regulator of telomere elongation helicase 1 (RTEL1) in many (independent) families with FIP from France and US [140] [141] [142] . RTEL1 is an ATP-dependent DNA helicase involved in DNA replication, and is crucial for unwinding the T-loop structure at the telomeric ends [143] . Structural analyses of mutated RTEL1 proteins predict a deleterious function of mutants [141] , which is supported by recent findings from other scientists reporting aberrant cleavages and releases of circular, telomeric DNA fragments in genomic PBMC-DNA fractions of patients carrying RTEL mutations [140] . Consistent with this, nearly all affected patients indicated sigificantly reduced telomere length in comparison to age-matched healthy volunteers [140] [141] [142] .
However, 50% of FIP cases with shortened telomeres still lacks a reasonable explanation on genetic basis, and the significant telomere shortening in sporadic IIP (mostly IPF) remains unexplained [141] . Moreover, telomere shortening syndromes are malicious, because telomere length is a heritable trait [144] ; and several FIP-offsprings of heterozygous TERT or RTEL1 mutation carriers who did not inherit their parents´s mutation have short telomeres [140, 145] . Also, the precise mechanisms by which reduced telomere length leads to pulmonary fibrosis is yet unresolved. A more recent study by Povedano and co-workers documents that homozygous Tert (-/-) ko mice from the second (G2) and fourth (G4) generations with progressively shorter telomeres develop pulmonary fibrosis in response to low-dose bleomycin which was well-tolerated in wild-typ mice and thus not sufficent to induce lung fibrosis in wild-typ animals [146] . However, these results stand in contrast with the work of Degryse et al. describing that telomere shortening due to telomerase deficiency alone did not accelerate or augment bleomycin-induced lung fibrosis in early-and late-generation Tert (-/-) ko mice [147] . Moreover, these both papers are also conflicting with the studies from Liu and coworkers suggesting that telomerase activity is required for bleomycin-induced pulmonary fibrosis in mice [148] . Early research by this group indicated that telomerase activity is highly induced in lung fibroblasts and collagen-I expressing bone marrow progenitor cells from rodent models of lung fibrosis induced by bleomycin [149, 150] . In subsequent studies, the authors showed that homozygous Tert (-/-) ko mice from third (G3) generations revealed significantly reduced lung fibrosis following bleomycinadministration, when compared to treated wild-typ mice. Lung fibroblasts isolated from bleomycin-challenged Tert (-/-) ko mice showed significantly decreased proliferation and increased apoptosis rates compared with fibroblasts isolated from treated wild-type mice and sham-treated controls [148] . Because transplantation of bone marrow (BM) from wild-type mice to Tert (-/-) ko mice reconstituted the ′wild-type-response′ to bleomycin-induced lung fibrosis, the authors concluded that lung telomerase induction in BM-derived fibroblast-like cells in response to bleomycin-treatment is important for the development of pulmonary fibrosis [148] . However, Liu et al. never addressed the role of AECII or Clara cells in Tert (-/-) ko mice in response to bleomycin, although lung alveolar integrity is compromised in telomerase-null mice due to increased apoptosis in AECII [151] . In addition, many reports exist which describe robust induction of telomerase expression in wild-type murine AECII or AECII-like subpopulations after a single dose of intratracheal bleomycin [152] [153] [154] , suggesting that AECII may be an important stem/ progenitor cell population in the lung which is activated in response to lung injury [152, 153] .
Taken together, the reasons for the discrepancy between the results from Povedano JM/Degryse AL and those from Liu et al. remain unclear and are difficult to interpret. Based on the outcome of TERT mutations in FIP we and others hypothesize that these families developed lung fibrosis because of progressive telomere shortening in the alveolar epithelium [130, 131] .
In line with these thoughts, Povedano et al. showed that conditional, AECII-specific deletion of Trf1 (Terf1, telomeric repeat-binding factor 1) in mice led to persistent telomeric damage in alveolar epithelium through shelterin disruption and consequent severe telomere uncapping, and was able to trigger alone pulmonary fibrosis in mice [146] . Taken together, it is apparent from the data in humans and mice that there is an important relationship between defective telomere maintenance, genomic instability and lung fibrosis [129] [130] [131] 134, 137, [140] [141] [142] 146] .
Until now, ER stress-/UPR signaling in response to genomic instability involving concomitant DNA damageresponse pathways and (aberrant) DNA repair has only been poorly explored. Failure to correct genomic alterations has a variety of negative consequences, ranging from cell death on the one side, and to uncontrolled oncogenic transformation on the other side, with genomic instability being a prominent feature in most cancers [155] . The development of an apoptotic ER stress-reponse may be a cellular consequence to genomic instability, DNA damage and consequent aberrant DNA repair. It could represent a translation of genomic alterations into ′proteotoxicity′, such as abundant protein overexpression due to chromosome imbalance [156] , or the expression and translation of nonsense-or truncated proteins (due to premature stop-codons), which may misfold, accumulate and be retained in the ER. In addition, genomic instability can be associated with epigenomic imbalance, and may result in global dysregulation of gene-and protein expression profiles, leading to the development of ER stress. It is also intriguing to speculate that defective telomere maintenance in the IPF-AECII affects surfactant production and processing in these cells.
The UPR and DNA damage responses are simultaneously activated in cells suffering from genomic stress. It has been shown that ER stress enhances proteasomal degradation of Rad51, a key protein involved in the homologous recombination pathway, and which was associated with decreased DNA repair and cell death in irradiated cells [157] . In line with such reasoning, it has been more recently reported that ER stress is dominant following DNA damage in cultured tumor cell lines, causing an increase in p53-mediated, genotoxic-induced apoptosis [158] .
On the other side, spliced XBP1 has been shown to upregulate various DNA damage response and repair genes suggesting that ER stress-and DNA repair mechanism might cooperate in genetically unstable cells to generate cancerous cells [159] , by accumulating genetic defects through chromosomal rearrangements (causing loss-offunction of tumor suppressors or conferring additional proliferative advantages) that promote a state of increased aggressiveness [155] .
However, in vivo-expression of ER stress-pathway molecules has not yet been investigated in lung tissues of patients with Telomerase/Shelterin pathway mutations or other telomere-processing pathway mutations. In 2007, Lawson and colleagues reported ER stress in non-SFTPC familial forms of IPF which was indistinguishable from sporadic IPF and familial IPF associated with SFTPC mutation. However, the underlying genetic basis of these FIP cases has not been disclosed to the readers [58] .
Similarly, it is yet not known whether protein products of the various identified TERT-, DKC1-, TINF2-, RTEL1 mutations per se lead to misfolding and accumulation in the ER and development of ER stress, as structural analyses of some of the above mentioned mutations predict beside impaired function a defective protein structure or reduced stability of the mutant proteins [141] .
ER stress in Hermansky-Pudlak Syndrome associated Interstitial Pneumonia (HPS-IP)
Numerous lysosomal storage diseases, although primarily affecting the vesicle trafficking and transport machinery for lysosomes, are associated with the induction of a severe ER stress response [160] [161] [162] . Importantly, multiple genetic lysosomal storage disorders have been described in which pulmonary fibrosis may be a manifestation of disease, including mucolipidosis II [163] , Niemann-Pick disease [164] , Gaucher disease [165] , and Hermansky-Pudlak syndrome (HPS) [166] . HPS represents a group of inherited autosomal recessive disorders that occur worldwide. In humans, nine genetic subtypes, known as HPS1 through HPS9, have been described, with each mutation affecting the function of lysosome-related organelles (LROs), such as platelets, melanosomes, and the lung lamellar bodies [167] . The dysfunction of melanosomes accounts for the oculocutaneous albinism found in all HPS patients. The bleeding disorder that is often the presenting complaint of the disease, is caused by the dysfunction of platelets [167] .
In addition, pathological accumulation and deposition of lipofuscin-like material also occurs in multiple organs, especially in the lung [167, 168] . More importantly, the development of pulmonary fibrosis in some HPS patients (HPS-IP) has been linked to the dysfunction of lamellar bodies. Adults with HPS1 or HPS4, whose genetic defects lead to a loss of function of the ″biogenesis of lysosomerelated organelle complex 3″ (BLOC3) develop lung fibrosis which reveals exactly the usual interstitial pneumonia (UIP) histology found in IPF [166] [167] [168] [169] [170] , whereas children and young adults with the rare HPS2, who have a defect in the β3a subunit of the adaptor protein 3 (AP3) complex, seem to develop predominantly other histopathological patterns of pulmonary fibrosis [171, 172] . The AP3 complex regulates the biogenesis of lysosome-related organelles and is crucially implicated in intracellular trafficking of proteins to late endosomes, lysosomes and lysosomerelated organelles [173] . Of note, pulmonary fibrosis has not been reported in patients with BLOC2-defects (i.e., HPS3, HPS5, or HPS6).
Importantly, patients with HPS1 gene mutation and UIP pattern have been reported to reveal histopathologically enlarged AECIIs with ''giant'' lamellar bodies due to intracellular over-accumulation of surfactant [170] . We could show that hyperplastic AECII of patients with HPS1 indicate pro-apoptotic ER stress, as shown by immunohistochemistry for the ER stress markers ATF4 and CHOP and the apoptosis-marker cleaved caspase-3 [64] . In contrast, ultrastructural findings in lung tissue of HPS2-patients with ILD demonstrated prominent AECII cell hyperplasia, but no lamellar body enlargement, thus underscoring the significant difference between HPS1 and HPS2 (or AP3B1) gene mutations [171] . However, the expression of ER stress markers has not yet been addressed in lungs of HPS2-patients with concomitant ILD.
Moreover, the development of pulmonary fibrosis does not occur in naturally occurring HPS mouse models, although they share many features of the human disease [174] . Nevertheless, Hps1 mutant mice have an exaggerated fibrotic response to silica [175] , and both the Hps1-and Hps2 mutant mice reveal remarkably a higher susceptibility to bleomycin-induced lung fibrosis, thereby presumably indicating the need of a ′second hit′ for development of pulmonary fibrosis [176] . Our group previously reported the development of spontaneous lung fibrosis involving severe alveolar epithelial ER stress in aged Hps1/Hps2 double-homozygous-mutant mice, which were generated by mating the Hps1-and Hps2 mutant mice [64] . Additionally, these HPS double-mutant mice indicated severe defects in processing and secretion of hydrophobic surfactant proteins SP-B and SP-C, because both mature forms as well as the unprocessed intermediates and precursors of SP-B & SP-C were found to be accumulated in lung tissue, whereas BALF of these mice lacked mature surfactant proteins. In addition, lung tissues of Hps1/Hps2 double-mutant mice revealed marked accumulation of (surfactant) phospholipids and proapoptotic glucosylceramides. Of note, these mutant deleterious effects were not pronounced in the individual mutant Hps1 and Hps2 strains [64] . Taken together, these results indicated that the processing and secretion of surfactant was severely impaired/blocked due to transportand trafficking defects in the secretory pathway as cause of ′additive′ Hps1/Hps2 gene mutations. Importantly, lysosomal stress, as proven by increased expression of cathepsin D and of its apoptotic pro-form, seemed to precede the induction of severe alveolar epithelial ER stress, which was mainly dominated by the pro-apoptotic ATF4/CHOP pathway in hyperplastic, ″giant″ AECII of Hps1/Hps2 double-mutant mice [64] . In line with such notion, numerous lysosomal storage diseases end in the induction of a severe ER stress response, due to the consequent accumulation of unprocessed proteins and lipids in distal lysosomes, vesicles, Golgi and (finally) also in the proximal ER, as a result of defective trafficking, targeting and secretion of glycoproteins and -lipids [160] .
Finally, Young and colleagues could demonstrate that susceptibility to bleomycin-induced fibrosis occurred only in those HPS single-mutant mouse models with HPS gene defects corresponding to human genotypes associated with ILD development (Hps1-, Hps2-and Hps2 (-/-) -knockout mice), whereas mice with HPS3 or Chediak-Higashi syndrome (CHS), a lysosomal disorder with features overlapping with HPS [174] , revealed a susceptibility to bleomycin-induced fibrosis comparable to wild-typ background mice [176] . Moreover, targeted re-expression of the missing Hps2-subunit (β3a subunit/AP3b1) of the AP3 complex in lung epithelium of Hps2 mutant mice resulted in restoration of functional AECII homeostasis and significantly reduced susceptibility of AECII death in response to low-dose bleomycin, thus underscoring the relevance of the alveolar epithelium in the fibrotic susceptibility of HPS mice. Interestingly, despite the key role of AECII apoptosis in the fibrotic susceptibility of bleomycin-treated Hps1-, Hps2-and Hps2 (-/-) -ko mice, no evidence of increased ER stress could be observed in isolated AECII and whole lung tissue of Hps1-and Hps2 mice in comparison to wild-typ mice at baseline and after bleomycin treatment [176] . Thus, the observed AECII apoptosis may be also a result of ′lysosomal stress′ which is directly connected to cell death pathways through cathepsins, which are released into the cytoplasm to initiate the ′lysosomal pathways of apoptosis′ through the cleavage of Bid and the degradation of the antiapoptotic BCL2 protein family [177] . However, lysosomal stress pathways leading to apoptosis were not addressed in this study which would clarify if defective intracellular trafficking and transport in murine HPS1 and HPS2 lead to AECII dysfunction and lung fibrosis through mechanisms other than ER stress. Furthermore, expression analysis of ER stress markers Grp78/Bip, Atf6α, Xbp1, Atf4 and Chop was mainly assessed on the transcriptomic level, and lacked protein expression studies by immunoblotting or IHC for Xbp1, Atf6 and Chop [176] . Because development of ER stress involving Chop induction has been observed in general in bleomycin treated mice and rats (presumably as cause of increased oxidative stress in this model which results in protein misfolding through oxidation of proteins) [178, 179] , it can be suggested that some ER stress markers may have accidentally escaped detection in this great study, also due to the relatively low number of samples examined, and the nature of the ER stress-response which is often not reflected at the transcriptomic level [60] .
Taken together, HPS-IP underscores the link between defective AECII homeostasis and lysosomal stress/ ER stress in the development of pulmonary fibrosis, presumably caused by impaired lamellar body genesis and disturbed surfactant processing [64, 170, 176] .
ER stress in sporadic Interstitial Pneumonia
In non-familial, sporadic forms of IPF (and other IIP) without any gene mutation, chronic ER stress is also a prominent finding in the AECII of these patients. In detail, Lawson et al. reported that AECIIs of patients with sporadic IPF indicate upregulation of GRP78, EDEM and XBP1 to same extent as observed for familial cases associated with SFTPC mutations as well as without any gene mutation in SFTPC (thereby being genetically unexplained in this report) [58] . Our group observed significant ATF6α-upregulation and -cleavage, and activation of the IRE1α/ XBP1-pathway, as well as significant increases in ATF4-and CHOP expression in AECII of sporadic IPF patients, but not in normal AECIIs of organ donors. Of note, fibroblast foci in IPF were negative for ATF6α, ATF4 and CHOP. In line with induction of the pro-apoptotic CHOP protein in IPF-AECIIs, caspase-3 cleavage and thus execution of apoptosis was observed in these cells [59] . Similarly, AECII near areas of dense uniform fibrosis in fibrotic NSIP (fNSIP) lungs indicated significantly induced protein expression of various ER stress markers, including XBP1, whereas immunoreactivity for these proteins was negative in the interstitium in fNSIP [62] .
Interestingly, Oikonomou et al. observed significant overexpression of the CHOP-target gene gelsolin in AECII, but not in the fibrotic interstitium in IPF and fNSIP patients, whereas AECII of patients with cellular NSIP (cNSIP) as well as of normal control lungs indicated no expression of gelsolin [180] . Increased gelsolin (Gsn) expression was also noted in alveolar epithelium of bleomycin treated C57BL/6 wt-mice, whereas Gsn (-/-) mice were found to be protected from fibrosis development. Moreover, caspase-3-mediated gelsolin fragmentation was shown to be an apoptotic effector mechanism in epithelial apoptosis in bleomycin-induced lung fibrosis, and disease protection in Gsn (-/-) mice was largely correlated with reduced epithelial apoptosis [180] .
Lastly, and in full accordance with our results, Cha and co-workers detected by IHC significantly induced caspase-cleaved cytokeratin-18 (cCK-18) in AECIIs of IPF patients in comparison to normal lungs. Cell lysates of isolated AECIIs from patients with IPF revealed increased XBP1-splicing and concomitantly elevated levels of activated, phosphorylated IRE1α (p-IRE1α) [61] , which has been reported to induce directly various pro-apoptotic pathways independent of those activated by XBP1 [16] [17] [18] [19] [20] . In full agreement with this notion, incubation of A549 cells with thapsigargin resulted in increased IRE1α-phosphorylation and formation of cCK-18 [61] .
However, the origin of ER stress in sporadic cases of IPF and fNSIP remain still elusive. Similar to FIP, altered molecular pathways such as disturbed surfactant processing seem to be present also in sporadic IPF and fNSIP. Qualitative changes in the alveolar surfactant pool have been observed in sporadic IPF and may contribute to alveolar collapse [181, 182] . As has been shown previously, such cyclic alveolar collapse was caused by a significant increase in the alveolar surface tension to approximately 17mN/m as compared to healthy controls (< 1mN/Mm) [181] . Moreover, altered lung function in IPF was shown to correlate to significant qualitative changes in the alveolar surfactant pool, including a decline in lamellar bodies and tubular myelin (comprising the so-called large aggregate surfactant) and a substantial loss of dipalmitoylated phosphatidylcholine (DPPC) species [182] . Additionally, it could be observed that IPF-and fNSIP lungs revealed depletion of mature forms of SP-B and SP-C, with concomitant abnormal intracellular accumulation of unprocessed SP-B proproteins and induction of ER stress markers [personal communications, see ref . 183] . These processing defects resembled in part to those observed in murine HPS-IP [64] or in response to hereditary ABCA3 deficiency [118] . Indeed, ABCA3 gene expression has been observed to be downregulated in sporadic IPF and NSIP [184] .
In addition, documented evidence indicates that alveolar oxidative stress plays a role in the pathogenesis of IPF and other IIP´s, and it is caused by a disequilibrium of the alveolar oxidant-antioxidant balance due to an increased production of oxidants and depletion of antioxidants [185] . Alveolar macrophages (AMs) and neutrophils, which dominate in the lower respiratory tract of patients with IPF, are capable of inducing oxidant-mediated injury to lung parenchymal cells [186] . This is supported by experimental studies from Ye and coworkers indicating markedly reduced protein levels of the antioxidant acting enzyme haem oxygenase-1 (HO-1) in AMs [187] . In addition, superoxide radicals and hydrogen peroxide are released spontaneously by bronchoalveolar lavage (BAL) cells of IPF patients, which consecutively may result in injury to the alveolar epithelium [186] . In line with this, oxidative damage of mitochondrial DNA has been observed in lung epithelial cells of IPF patients [176] . Other biomarkers of oxidative stress, such as 8-isoprostane, a lipid peroxidation product, are elevated in BALF of patients with IPF [189] . Conversely, there is a deficiency of cellular antioxidants in IPF patients. Glutathione, a major component of the lung antioxidant defence system, is decreased in the epithelial lining fluid (ELF), both in the bleomycin model of lung fibrosis and in IPF patients [190] . Additionally, low expression of enzymatic antioxidants, including extracellular superoxide dismutase (EcSOD), manganese superoxide dismutase (MnSOD) and catalase have been observed in the fibrotic areas [185, 191] .
Of note, oxidative stress is known to disrupt protein folding through formation of protein carbonyls and other oxidative modifications, which consequently results in induction of ER stress [1-3]. Indeed, BALF samples of patients with IPF reveal an increase in oxidized proteins [192] . In addition, oxidative stress and ER stress-response are tightly interconnected through the PERK/NRF2 pathway, which induces cytoprotective and antioxidant acting genes such as peroxiredoxins in response to increased ROS levels and oxidant stress [193] . Furthermore, it has already been shown that NRF2 is induced and upregulated in AECIIs of both fNSIP-and IPF lungs, whereas "normal" AECIIs in control donor lungs did not indicate notable protein levels of this transcription factor [191, 194] . This finding points to the possibility that an upregulation of the antioxidant defense system occurs under conditions of severe oxidative-and ER stress in IPF, but seems to be unable to counterbalance the oxidant burden. As described before, CHOP is upregulated in IPF-AECIIs [59, 63] and has been reported to further increase ROS levels through dephosphylation of eIF2α and consequent upregulation of the oxidative folding machinery, and through depletion of intracellular glutathione which is mediated by its target gene CHAC1 [39, 40] .
Interestingly, the NRF2-target genes peroxiredoxin 1 (PRDX1) and proteasome activator complex subunit 1 (PSME1), the latter which is implicated in the degradation of oxidized, misfolded proteins, have both been observed to be exclusively induced in hyperplastic AECIIs in areas of thickened alveolar septae in patients with fNSIP, but never in AECIIs near areas of dense uniform fibrosis in IPF-as well as fNSIP-lungs itself [62] . We therefore concluded that the impressive finding of an AECII-localized upregulation of antioxidant acting enzymes as well as of factors involved in the removal of oxidized proteins in fNSIP may represent an attempt of these AECIIs to survive under conditions of persistent ER-and oxidative stress, thereby resulting in the maintenance of septated alveolar structure in this distinct histologic subtype [62] . In accordance with this notion, antioxidants have been reported to reduce ER stress and improve protein secretion in an in vitro model of protein misfolding [195] .
Importantly, oxidative stress is also a leading cause of telomere shortening [196] , and cigarette smoke, which releases a myriad of oxidants, free radicals and chemical compounds, including hydroxyl radicals and hydrogene peroxide, has been shown to be a risk factor for sporadic and familial IPF [82] and to cause telomere shortening in a dose-dependent manner [197] . Due to the end replication problem, telomere shortening inevitably occurs in proliferating cells over time (during aging) and is accelerated in telomere shortening syndomes. Critically short telomeres can activate a DNA damage response that manifests in cellular senescence, with permanent cell cycle arrest or cell death [198] . Because telomere shortening specifically occurs in AECII of patients with familial and sporadic IIP [131, 134] , it can be suggested that this progenitor cell population suffers from premature senescence and loss of replicative potential, and the inability to respond to alveolar cell injury that leads to failure of appropriate epithelial repair mechanisms and irreversible tissue renewal by proliferating fibroblasts. Given the frequency of telomere shortening in FIP and sporadic IP, in can be suggested that i) mutations in other telomere-related genes will be identified in the future, and that ii) till yet unidentifed defects ″in the upstream″ of telomerase-and telomere-related genes associated with deficiency of their protein products will be identified as underlying reason. In line with the latter notion, lung tissues of patients with sporadic IPF reveal decreased mRNA transcripts of TERT and TERC [199] . In addition, Yang et al. have shown by comparative transcriptome profiling that gene expression levels for the TERC-interacting protein TEP1 (TEP1, Telomerase protein component 1) were reduced in IPF-and NSIP lungs in comparison to non-diseased normal controls, and were even 1.8-fold downregulated in the IPF-versus NSIP transcriptome [184] . In addition to familial genetic disease, these data in lungs from sporadic IP patients highlight the putative role of impaired expression and function of telomerase pathways as general pathomechanisms in IP [184, 199] .
As already outlined, ER stress-pathways are activated during severe DNA damage and genomic instability [156] [157] [158] , presumbly mainly triggered by proteotoxicity due to translation of genomic alterations [156] , and alveolar epithelial ER stress and shortened telomeres are unequivocally common in familial and sporadic cases of IPF. However, the assessment of the detailed mechansims leading to ER stress in response to severe telomere dysfunction is still lacking.
Another common phenomenon in IPF are respiratory infections, which not only seem to frequently antecede the clinical appearance of the disease, but also seem to accelerate the clinical course [200] . IPF is characterized by an increased bacterial burden in BAL that predicts decline in lung function and death [201] . Consistent with these observations, bacterial infections can induce severe ER-stress [35, 202] . Endo and coworkers showed that the ER stress-mediated apoptosis pathway involving Chop was induced in alveolar epithelium of lipopolysaccharide (LPS)-treated mice, and alveolar epithelial apoptosis induced by LPS treatment was suppressed in lungs of homozygous Chop (-/-) -knockout mice [202] . Viral infection/ replication may -even more compelling -induce and/or aggravate ER stress and repetitive injury to the alveolar epithelium in IPF. DNA and envelope proteins of various herpesviruses have been detected in AECII from a number of patients with IPF, and co-localized with ER stressmarker proteins [58] . In line with this, herpesviruses have been demonstrated to lead to ER stress and pulmonary fibrosis in aged, but not young mice, with localization of ER stress and apoptosis in AECIIs of infected, aged mice [203] . Based on the observation that IPF increases with age this great study also highlighted that the aging lung is more susceptible to injury and lung fibrosis associated with alveolar epithelial ER stress (in response to herpesvirus infection) [203] .
Finally, an interesting study from Atanelishvili and coworkers suggests a link between the increase of coagulation proteases and CHOP-mediated apoptosis in fibrotic lung disease [23] . Enhanced activation of the coagulation cascade including the significant overexpression of coagulation proteases, such as thrombin, has been demonstrated in the setting of pulmonary fibrosis [204] . Atanelishvili et al. [23] showed that incubation of primary AECII or A549 with thrombin resulted in induction of CHOP expression through a novel, yet not described Ets1-dependent pathway, and not via ATF4, and was associated with consequent apoptosis in both epithelial cell lines. In contrast, thrombin decreased tunicamycin-induced CHOP expression in lung fibroblasts through Myc-dependent mechanisms, and protected these cells from apoptosis. Importantly, overexpression of CHOP in lung fibroblasts led to apoptosis of cells, even in the presence of thrombin, thus clearly indicating that CHOPmediated pathways are downstream of thrombin [23] . Additionally, the authors showed for the first time that induced CHOP overexpression was localized in AECIIs of patients with (Ssc)-associated pulmonary fibrosis, and never in myofibroblastic cell populations or in any cells of normal lung tissue. As expected from in vitro data, CHOP overexpression in AECIIs co-localized with apoptotic TUNEL staining and with the expression of the thrombin receptor protease-activated receptor 1 (PAR1). The authors then concluded, that regulation of CHOP expression by thrombin may contribute to the persistent fibroproliferation in (Ssc)-associated lung fibrosis and other IIP, in which thrombin directs AECIIs through induction of CHOP towards apoptosis while promoting survival of lung fibroblasts [23] .
ER stress in drug-induced interstitial lung disease (ILD)
The development of alveolar epithelial ER stress plays also a major role in the pathogenesis of drug-induced ILD (DILD). DILD can be caused by chemotherapeutic agents, antibiotics, antiarrhythmic drugs, and immunosuppressive agents [205] . The chemotherapeutic bleomycin is used to treat different types of neoplasms and is the drug most commonly studied as a cause of DILD [205] . Lung toxicity/ ILD occurs in up to 46% of the patients under treatment; for this reason the clinical use of bleomycin as anti-cancer agent in humans is limited [206] . At present bleomycin administration is the most important and widely used method for inducing lung fibrosis in rodent models. In C57Bl/6 mice, lung fibrosis appears between 14 and 28 days after a single-dose (intratracheal) administration of bleomycin; and within 6 weeks, the lung repairs itself and minimal or no fibrosis remains. The histologic pattern is characterized by patchy parenchymal inflammation, basement membrane and alveolar epithelial cell injury with reactive hyperplasia, and differentiation of fibroblasts into myofibroblasts [207] . Bleomycin exerts its cytotoxic effect by induction of free radicals and reactive oxygene species (ROS) through reaction with endogenous metal ions and oxygene, with concomitant single-and double-strand DNA breaks through oxidative damage mechanisms, and causes a consecutive, pronounced inflammatory response [208, 209] . Production of nonfunctional, oxidatively modified proteins that are prone to misfolding, has been shown to occur under these conditions [210] . Moreover, activated inflammatory cells contribute to increased ROS-and reactive nitrogen species [RNS] production [209] . In accordance with increased oxidative-and DNA damage stress in response to bleomycin, proapoptotic ER stress mediated by Chop has been recently shown by Tanaka et al. to play a role in the development of bleomycin-induced pulmonary fibrosis in mice [179] . In this study, nuclear Chop induction in AECII and airway epithelial cells was present already at day 1 and 3 after bleomycin instillation, and AECII were observed to undergo apoptosis at day 3 as shown by TUNEL-assay, thereby indicating that epithelial cell injury is beside inflammation a primary event in bleomycin-induced cell injury. In addition, gene expression of target genes of Chop such as Il1b and Casp11 was upregulated in bleomycintreated mice, indicating that alveolar epithelial-derived Chop is also significantly involved in the inflammatory phase of bleomycin-induced lung fibrosis. In addition, the administration of tauroursodeoxycholic acid (TUDCA), a pharmacological agent that inhibit ER stress, resulted in a significant attenuation of pulmonary fibrosis and inflammation in bleomycin-treated mice, and Chop expression on mRNA level in a dose-dependent manner. Moreover, AECII apoptosis and pulmonary fibrosis was remarkably attenuated in bleomycin-treated heterozygous Chop (+/-) -ko mice [179] . In contrast, a report in 2014 on the International Colloquium on Lung and Airway Fibrosis (ICLAF)-congress by Ask and coworkers revealed that full blockade of Chop by use of homozygous Chop (-/-) knockout mice did not protect from bleomycin-induced fibrosis, and even wild-typ mice were better protected from bleomycin-induced fibrosis than the homozygous Chop (-/-) ko mice [Ask K, personal communications, see ref . 211] . As pathomechanism, the authors discovered that Chop-mediated macrophage apoptosis was found to be protective towards bleomycin-induced fibrosis in wild-type mice. In contrast, Chop (-/-) knockout mice were unable to mediate ER stress-induced apoptosis in macrophages in response to bleomycin-treatment, which led to increased inflammation, interstitial fibrosis and abnormal high levels of macrophages both in the BALF and in the lung parenchyma of affected knockout-mice. These data indicated that proapoptotic UPR and ER stress pathways are also activated in macrophages of lungs from bleomycin-treated wild-typ mice [211] . However, all these results stand in marked contrast with the very recent work of Yao and coworkers describing that full Chop deficiency in homozygous Chop (-/-) ko mice protected against bleomycin-induced lung injury and fibrosis, paradoxically by attenuating M2 macrophage production [212] .
In general, many publications document full-blown activation of the UPR in the bleomycin-induced lung fibrosis mouse model, as shown by various protein expression studies of whole lung tissue-lysates for UPR markers indicating upregulation of Grp78, p50Atf6, p-eIF2α, p-Ire1α, Xbp1 and Chop at early and late fibrotic phases [179, 213, 214] . Some of these studies demonstrate the involvement of adaptive UPR-signaling in epithelialmesenchymal transition (EMT) during bleomycin-induced pulmonary fibrosis [213, 214] . It can therefore be suggested, that alveolar epithelial pro-apoptotic ER stress is paralleled by adaptive UPR mechanisms in mesenchymal cells and in ′non-apoptotic epithelial cells during EMT′ in fibrotic lungs of bleomycin-treated mice [179, 213, 214] . It has been shown, that daily administration of 4-phenylbutyrate (4-PBA) to bleomycin-treated mice resulted in marked downregulation of above described ER stress markers, with concomitant reduction of α-SMA and type I-collagen expression, and significant alleviation of fibrosis [213] . Similarly, melatonin, a hormone with antioxidant properties, has also been reported to protect from bleomycin-induced fibrosis by reducing ER stress [214] .
Despite some limitations, rodent models of bleomycininduced pulmonary fibrosis are widely used in the assessment of potential antifibrotic agents for treatment of human IPF [206, 213] . In addition to a large number of compounds, ER stress inhibitors such as TUDCA or 4-PBA have been more recently shown to attenuate fibrosis and to prevent disease progression in this model [179, 213] , and might thus be suggested as attractive candidates for therapy of human IPF.
The pathogenic and molecular events underlying amiodarone (AD)-induced pulmonary fibrosis are also associated with alveolar epithelial ER stress, but the signatures triggering ER stress and AECII apoptosis differ somewhat from bleomycin. Amiodarone (AD) is a highly efficient antiarrhythmic drug with potentially serious side effects, including severe pulmonary toxicity [215] . Several forms of ILD occur among patients treated with AD, such as ARDS, chronic interstitial pneumonia, organizing pneumonia and pulmonary fibrosis. It affects as many as 6% of individuals receiving the drug and, amongst these cases, fatality rates range from 10-20% [215] . Because molecular pathways underlying AD-induced ILD were still elusive, our group has recently established a mouse model for AD-induced lung fibrosis, in which C57Bl/6 mice received intratracheally 0.8 mg/kg body weight amiodarone every 5th day [216] . Extensive lung fibrosis and AECII hyperplasia were observed in AD-treated mice already at day 7, and remained until day 28. Interestingly, a pronounced intracellular accumulation of pro-and mature forms of SP-B & SP-C could be encountered in lung tissue of AD-treated mice at d7, d14, d21 and d28, with concomitant abnormally increased tissue-phospholipids [216] , thereby indicating high similarities to observed surfactant processing disturbances in Hps1/Hps2 doublemutant mice [64] . In full agreement with hyperplastic AECIIs near areas of dense fibrosis, electron microscopy indicated an increase in number and size of lamellar bodies, and also intra-alveolar surfactant appeared more abundant after AD-treatment. As anticipitated from our results in murine and human HPS-IP, AECIIs of AD-treated mice indicated increased lysosomal-and ER stress with parallel induction of apoptosis as determined by immunoblotting and IHC for respective marker proteins cathepsin D, Atf6α, Chop and cleaved caspase-3. Additional in vitro-studies with use of RNAi-mediated Ctsd silencing revealed increased caspase-3-activation in AD-treated MLE12 cells, despite full blockade of cathepsin D, and thus execution of apoptosis independent of the lysosomal apoptosis pathway [216] . These results suggested at first glance that alveolar epithelial apoptosis in AD-induced pulmonary fibrosis might be mainly due to ER stress involving the Chop protein which was significantly increased in MLE12 cells in response to AD [216] . However, we speculated also on the involvement of other lysosomaland ER stress-pathways in driving AECII apoptosis in this model, due to severe intracellular accumulation of surfactant in subcellular compartments of the secretory pathway. In addition to ERAD, cells can also eliminate proteins that accumulate in the ER through activation of autophagy, which is a catabolic process mediated through the lysosomal pathway [217] [218] [219] . Although extremely important in maintaining cellular homeostasis [220] , ER-/lysosomal stress mediated autophagy has also been reported to be able to induce cell death, especially in non-transformed cells, because its degradative capability might turn out to be too extensive and lead to excessive consumption of normal cellular constituents and therefore contribute negatively to cell survival [221] .
In addition to ER stress-induction, primary murine AECII and MLE12 cells revealed increased (macro) autophagy and autophagy flux in response to AD, as shown by ten-fold induction of the autophagy marker microtubule-associated protein 1 light chain-3B (LC3B), and by induced autophagosome maturation and fusion with lysosomal compartments in AD-treated cells [222] . Moreover, induction of apoptosis seemed to be dependent on LC3B in alveolar epithelial cells in vitro, as RNAimediated knockdown of Map1lc3b resulted in reduced caspase-3-cleavage in AD-treated cells. In vivo, in nontreated and AD-treated C57Bl/6 mice, LC3B was localized at the limiting membrane of lamellar bodies, which were closely connected to the autophagosomal structures in AECII, thus underscoring the reasoning of induction of macroautophagy processes in response to AD-induced defective surfactant storage and consequent lysosomal and ER stress [222] . Taken together, AD exerts inhibitory effects on the trafficking-and transport mechanisms in vesicles and lysosomal compartments of the secretory pathway [216, 222] , which is in line with previous observations that AD induces excessive intracellular phospholipidosis in lungs of treated patients [223] and gets itself enriched within the lysosomes of various cell types, also due to its uncommon long half-life [224] . However, in vivoexpression patterns of ER stress and autophagy markers are still not researched in lungs of patients treated with AD.
ER stress in asbestos-induced lung fibrosis A prototypcial type of pulmonary fibrosis is caused by asbestos exposure, which is prevalent worldwide as at least 125 million are exposed to harzardous levels [225] . Recent evidence suggests that ER stress plays a major role in the pathogenesis of asbestos-induced pulmonary fibrosis. Kamp and coworkers observed a significant induction of transcript levels for IRE1, XBP1, GRP78 and CHOP in A549 cells or primary rat AECII already after 30 min exposure to asbestos, and XBP1-activation and CHOP induction persisted over 24 hours in treated cells [226] . Moreover, IRE1α protein overexpression and XBP1-splicing in response to amosite asbestos was comparable to that induced by the ER stress-inducer thapsigargin. Additionally, exposure of primary AECII to asbestos induced Ca 2+ release from the ER and thus a depletion of ER Ca 2+ stores, resulting in activation of the intrinsic apoptosis pathway. Importantly, asbestos has also been reported to trigger AECII apoptosis by both the mitochondria-and p53-regulated death pathways [226, 227] . Because overexpression of a SOD/catalase mimetic reduced asbestos-induced ER-Ca 2+ release and concomitant IRE1α-activation and apoptosis in AECII, the authors concluded that asbestos-induced ER stress due to Ca 2+ release into cytosol is mainly caused by oxidantinduced mitochondrial dysfunction and consecutive mitochondrial ROS production. Asbestos-induced ER-Ca 2+ release and proapoptotic ER stress in AECII could also be prevented by overexpression of the antiapoptotic protein Bcl-X L , but not with the chemical chaperone 4-PBA [226] .
Similarly, Ryan and coworkers observed rapid and sustained increases in cytosolic Ca 2+ -levels in macrophagelike THP-1 cell lines in response to crysotile-exposure, with concomitant activation of ATF6α-and XBP1-pathways [228] . Anisomycin, an inhibitor of translocon Ca 2+ leak, inhibited induction of ER stress markers suggesting that ER Ca 2+ depletion may be the major cause of ER stressactivation in macrophages exposed to chrysotile [228] . Moreover, BALF cells of asbestosis patients indicated significantly increased expression of ER stress-markers GRP78, ATF6, ERO1A and CHOP. This result was supported by observations in lungs of chrysotile-exposed C57Bl/6 mice which revealed destruction of alveolar architecture by collagen deposition, and exhibited significant Xbp1-activation in their BALF cells but not in whole fibrotic lung tissue, with macrophages being the predominant cells in BALF. Of note, no significant apoptosis was observed in macrophages of chrysotile-exposed C57Bl/6 mice, and active TGF-β levels were increased in BALF of such mice. The authors then concluded, that bronchoalveolar macrophages undergo adaptive/protective ER stress for cell survival in response to chrysotile exposure, and that this is an important contributory factor for development of asbestos-induced lung fibrosis [228] . However, the authors did not analyse by means of immunohistochemistry the expression patterns of ER stress-markers in fibrotic lungs of chrysotile exposured mice, and the putative involvement of AECII in disease pathogenesis was also not addressed in this study [228] .
Additionally, it has been reported that airborne particulate matter (PM) selectively activates ER stress in the lung (and also liver tissues) [229] . Air PM pollution is a complex mixture of chemical and/or biological elements, consisting of salts, carbonaceous material, volatile organic compounds, polycyclic aromatic hydrocarbons, and endotoxins [229, 230] . Laing and coworkers demonstrated that C57Bl/6J mice exposed to fine particulate matter pollution with an aerodynamic diameter < 2.5 µm (PM 2.5 ) indicated significant Perk activation, eIF2α-phosphorylation, and Atf4-and Chop induction in their lungs [229] . Furthermore, lungs of mice exposed to PM 2.5 displayed an increased number of mitochondria and expansion of ER compartment when compared to lungs from control mice exposed to filtered air (FA). The redox state in lung tissues of PM 2.5 -exposed mice indicated stimulation of oxidative stress, as shown by increases of mRNAs for Gpx1 (glutathione peroxidase), Hmox1 (heme oxygenase), Sod1 and Sod2 (superoxide dismutases 1 and 2). In addition, apoptotic cells as determined by DNA fragmentation staining were sevenfold higher increased in lungs of PM 2.5 -exposed mice in comparison to FA-exposed animals. Moreover, Chop-knockout mice were protected from increased apoptosis induced by PM 2.5 particles in comparison to exposed wild-type control mice, thus underscoring the relevance of ER stress-induced Chop for PM 2.5 -induced apoptosis [229] . Further studies indicated that elevated ROS generated through mitochondrial NADPH oxidase pathways or electron transport was responsible for the induction of that PM 2.5 -induced proapoptotic ER stress-pathway via Perk/Atf4 activation with consecutive Chop induction. Interestingly, PM 2.5 exposure appeared to suppress the activity of Ire1α in splicing the Xbp1-mRNA, involving the suppression of typical Xbp1-target genes such as Edem and ERdj4 [229] . In addition to this report, various in vitro-studies with use of lung epithelial cell lines exist that document the induction of ER stress in response to coarse (PM 10 ) and fine (PM 2.5 ) exposure [231] .
Taken together, ER stress may be a mechanism by which PM exerts toxicity, that may be related to air pollution-associated pathogenesis [229, 231] , or may represent a ′second hit′ on top of a genetically susceptible individual prone to develop chronic lung disease, such as pulmonary fibrosis [82] .
Adaptive ER stress in mesenchymal cells of IPF lungs
Various studies document that selected (prosurvivalacting) ER stress pathways may contribute directly to fibrogenesis and ECM production in IPF [232, 233] . The activation and differentiation of fibroblasts into apoptosisresistant, ECM-producing myofibroblasts is a critical factor towards the development of IPF. The accumulation of myofibroblasts within pathologic lesions called fibroblast foci (FF) is a hallmark of IPF lungs, and their fatal apoptosis-resistance promotes their expansion and the consecutive exaggerated ECM deposition in IPF lungs [43, 234, 235] . Transforming growth factor-beta (TGF-β) is a major stimulus of ECM production in fibroproliferative diseases [236] . With regard to this, adaptive (protective) ER stress has been shown to play a crucial role in TGF-β-mediated myogenic differentiation of lung fibroblasts into ECM-secreting myofibroblasts [232] . In detail, Baek et al. showed that mouse and human lung fibroblasts indicated beside overexpression of α-SMA and type-I collagen a significant induction of adaptive ER stress-markers GRP78, ATF6α and XBP1 in response to TGF-β, but not of the severe ER stress-indicators p-eIF2a or CHOP. Conversely, the depletion of GRP78 by RNAi resulted in reduction of α-SMA expression and collagen-I-biosynthesis in TGF-β-treated fibroblast populations. Moreover, GRP78 was found to be significantly overexpressed in myofibroblasts of FF in IPF lungs in vivo [232] . In line with these results, a more recent study by Murphy et al. reports the significant upregulation of the IRE1α/XBP1 pathway in human lung fibroblasts in response to TGF-β, and specific inhibition of this UPR branch by the IRE1α endonuclease inhibitor STF-083010 resulted in reduced fibroblast proliferation and impaired myofibroblast differentiation in TGF-β stimulated fibroblasts [personal communications, see ref. 237] . These results lead to the suggestion, that profibrotic signaling and production of large amounts of ECM components in myofibroblasts require protective ER stress in order to deal with the protein turnover in the ER. In line with this notion, a study from Semren et al. demonstrated increased 26S proteasome activity in primary human lung fibroblasts in response to TGF-β due to augmented expression of the regulatory 19S subunit PSMD11/ RPN6, which is known to function as a molecular clamp stabilizing the interaction between the 19S regulatory particle and the 20S catalytic core [238] . Moreover, RPN6 expression and protein levels of K48-polyubiquitinated substrates were upregulated in IPF lungs in vivo, and overexpressed exclusively in myofibroblasts of fibroblast foci and overlying (hyperplastic) bronchiolar basal cells at sites of aberrant re-epithelialization in IPF, presumably as the result of an enhanced turnover rate of proteins in these metabolically active cells. Importantly, PSMD11 silencing prevented TGF-β mediated formation of 26S proteasomes and ubiquitin-dependent protein degradation in primary human lung fibroblasts, with consequent inhibition of myofibroblast differentiation and collagen production. Taken together, the results by Semren et al. suggest that myofibroblasts use increased ERAD function as shown by elevated 26S proteasomal activity in order to maintain ER homeostasis and cell survival in response to TGF-β-mediated elevation of ECM protein-production [238] .
The direct profibrotic role of UPR mediators in activation of TGF-β signaling in lung fibroblasts could also be proven by a study from Zimmerman and coworkers who showed that the ER chaperone calreticulin is required for TGF-β induced expression of Col1a1 and Fn, whereas knockout of Calr resulted in abrogation of cellular responsiveness to TGF-β even in the presence of active Smad 2/3 signaling [233] . Importantly, calreticulin was required for TGF-β induced ECM synthesis under conditions of ER stress, as tunicamycin-induced ER stress was insufficient to induce ECM production in TGF-β stimulated Calr (-/-) MEFs (but induced ECM production in TGF-β stimulated Calr (+/+) wt-MEFs, due to upregulation of Calr in response to ER stress) [233] . Taken together, all these results point out that selected protective UPR pathways are involved in fibroproliferative remodeling that are independent of severe ER stress and apoptosis [232, 233, 238] .
Moreover, TGF-β has been shown itself to increase expression of calreticulin in human fibroblasts [239] , and calreticulin is upregulated in numerous different fibrotic tissues, including rodent models for bleomycininduced lung fibrosis and streptozotocin-induced diabetic nephropathy [239] [240] [241] . Calreticulin is a ATF6-and XBP1-target gene [1, 242] and acts in ECM producing cells as a collagen chaperone to mediate ER-to-Golgi trafficking, processing, and incorporation into the ECM [243] . In addition to its chaperone function, calreticulin has a role as a crucial regulator of ER-Ca 2+ signaling [233] . Regarding this, Zimmerman et al. also showed that calreticulin mediates Ca 2+ release into the cytosol in response to TGF-β in MEF cells in vitro, thereby inducing calcineurin activation and consequent nuclear translocation of factor of activated T cells (NFAT) which directly stimulates transcription of ECM components COL1A1 and FN together with other known matrix-inducing transcription factors such as AP-1 and SP-1. Taken together, the data by Zimmerman et al. identified calreticulin-regulated functions as a critical molecular link between ER stress and TGF-β fibrotic signaling [233] .
Interestingly, the chemical chaperone 4-phenylbutyrate (4-PBA) has been shown to inhibit TGF-β-induced α-SMA expression and type-I collagen synthesis in primary human and murine lung fibroblasts in vitro [232, 244] , paradoxically despite its ability to enhance the folding capacity of the ER [245] . Because 4-PBA has been reported to significantly reduce protein expression of adaptive ER stress-markers (ATF6α, XBP1, GRP78) in response to TGF-β [232] , and even the expression of GRP78 on mRNA level [246] , it can be suggested that epigenetic silencing mechanisms may play a major role in this process as 4-PBA is a HDAC6-and a weak class I-HDAC-inhibitor (HDACi) [247] . In line with this notion, we observed also a downregulation of type-I collagen on gene and protein expression level in response to the weak class-I-HDACi valproic acid in primary IPF fibroblasts in vitro, concomitantly with slight reduction of mRNA level for adaptive -(ATF6) and proapoptotic ER stress-markers (CHOP), whereas the strong panHDACi panobinostat/LBH589 strongly reduced COL1A1 production by concomitantly inducing a pro-apoptotic ER stress-response [248] .
In conclusion, a cytoprotective (adaptive) ER stressresponse takes places in contractile protein-expressing myofibroblasts, presumably in order to restore and maintain ER proteostasis under conditions of elevated ECM protein production [232, 233, 238] , and maybe also to allow the continuous production of various survivalrelated proteins, such as survivin, PI3Kγ, and members of the inhibitor of apoptosis (IAP) protein family which maintain the apoptosis-resistance of myofibroblasts and which all have been reported to be upregulated in myofibroblastic cell populations in experimental lung fibrosis and IPF in vivo [234, 235, 249] .
7 Possible therapeutic approaches for pulmonary fibrosis targeting ER stress.
We hypothesize that interfering with apoptotic ER stress in human IPF may increase the survival of AECII and thus prevent the subsequent aberrant fibrogenesis process. As outlined in this review, it is obvious that proapoptotic ER stress-signaling in AECII of patients with various IIP largely involves CHOP which may serve as novel, AECIIspecific target for therapeutic intervention. In line with this, targeted disruption of the Chop gene has been shown to attenuate pulmonary fibrosis and inflammation in bleomycin-treated mice [179] . However, no small molecule inhibitors for CHOP activity have been identified to date; and the lack of specific CHOP inhibitors impedes current efforts in this field. Therefore, future research should aim to screen effective ER stress modulators inhibiting CHOPmediated cell death. This could be achieved by fusing the CHOP promotor with a fluorescence gene (or luciferase reporter), followed by generation of a stable cell line with this construct, which could then be used to select ′small molecule′-ER stress modulators by measuring suppression of the ER stress-induced fluorescence signal (or -luciferase activity).
Chemical chaperones, such as 4-PBA and TUDCA, are low-molecular-weight compounds reported to mimic endogenous chaperones, and improve ER folding capacity and promote trafficking of misfolded (mutant) proteins in a nonselective manner [245] . Due to their ability to reduce apoptotic ER stress in thapsigargin-treated hepatocytes in vitro [250] or in mouse models for ER stress-mediated liver disease in vivo [251] , 4-PBA and TUDCA have been regarded as promising novel therapeutic molecules for intervention with alveolar apoptotic ER stress and thus treatment of pulmonary fibrosis. Although administration of TUDCA and 4-PBA to bleomycin-treated mice was proven to result in reduction of severe ER stress (including CHOP downregulation) and significant attenuation of pulmonary fibrosis [179, 213] , however, 4-PBA-treatment of HEK293 cells with stable overexpression of mutant SP-C proproteins (SP-C
I73T
, SP-C L188Q and SP-C ∆Exon4 ) in vitro was shown to increase the amount of all SP-C mutants and to promote the accumulation of SDS-insoluble SP-C aggregates in a dose-dependent manner, despite restoration of trafficking and processing of the proprotein to mature peptide in case of the SP-C L188Q mutant [90] . Moreover, abnormal SDS-insoluble SP-C-proprotein aggregation in response to 4-PBA was also apparent in cells expressing SP-C wt , and did not differ much from aforementioned SP-C mutants [90] . Due to the high susceptibility of all mutant SP-C proproteins as well as SP-C wt to form detergent-insoluble aggregates [90, 103] , which may have cytotoxic outcome, we carefully suggest that the use of chemical chaperones especially for treatment of alveolar epithelial ER stress in IIP should be rather avoided due to concomitant unwanted (hydrophobic) SP-C proprotein stabilization in the AECII.
There is documented evidence that ER stress-induced autophagy may play a crucial role in removal of misfolded protein aggregates, which cannot be cleared by the ERAD pathway [252, 253] , whereas prolonged ER stress may impair autophagy with consequent induction of cell death [254] . Recently, the well-known mTOR (mammalian target of rapamycin) inhibitor, rapamycin, has been reported to suppress ER stress through activation of autophagy in various cell types in vivo. Wang et al. demonstrated that restoration of autophagy by rapamycin attenuated hepatic ER stress and insulin resistance in high fructose-fed mice [255] . Similarly, treatment of diabetic Akita mice with rapamycin prevented pancreatic β-cell dysfunction and apoptosis induced by ER stress, and improved diabetes [256] . Moreover, pretreatment of wild-type C57Bl/6J mice with rapamycin attenuated bleomycin-induced fibrosis in two independent studies [257, 258] . These results suggest that activation of autophagy by rapamycin via mTOR inhibition may be an effective pharmacological modulator of ER stress, and that ER stress-induced cellular damage by aggregates of misfolded proteins can be overcome by induction of autophagy [255] [256] [257] [258] .
More recently and surprisingly, Hidvegi et al. have been discovered that transgenic PiZ mice with constitutive, tissue-unspecific overexpression of the common misfolded (human) variant α1-antitrypsin Z (Z-A1AT) develop spontaneously lung fibrosis based on respiratory epithelial cell ′proteinopathy′, with similarities to the pathogenesis of disease-associated mutant SP-A/C in human IPF [259] . The PiZ mouse was previously reported by the same group and other researchers to robustly model the hepatic disease of Alpha-1 antitrypsin (A1AT) deficiency, as the result of gain-of-function proteotoxicity with the activation of the autophagic response in hepatocytes to mitigate the sequelae of cellular dysfunction by degrading misfolded, aggregated Z-A1AT mutants [260, 261] . The sudden observation of ′proteinopathy′ in respiratory epithelium in PiZ mice due to overexpression and accumulation of misfolded Z-A1AT might be also due to the fact, that AEC and bronchial epithelial cells are generally known to be capable of producing significant levels of A1AT in the lung [259, 262] .
The authors then suggested that the endogenous autophagic response and presumably other proteostasis mechanisms (such as ERAD) are insufficient to counteract the proteinopathy in transgenic PiZ mice, thereby consecutively resulting in fibrosis in the liver and the lung as the pathological outcome [259] . In line with such suggestions, the same researchers found out that therapy with autophagy enhancer drugs carbamazepine (CBZ) and fluphenazine (Flu) reversed hepatic fibrosis in PiZ mice [263, 264] . Moreover, they have very recently shown that the same drugs or lung-directed gene transfer of TFEB (transcription factor EB), a master activator of the autophagolysosomal system, abrogated pulmonary fibrosis in the same mice [259] .
Taken together, ER stress-induced cellular damage by aggregates of misfolded proteins can be overcome by induction of autophagy [259, 263, 264] , and autophagy enhancing therapies should be evaluated not only in SFTPA/C-associated IPF, but also in sporadic forms of IPF. Of note, CBZ and Flu are approved by the US Food and Drug Administration (FDA) which additionally makes these drugs very attractive for immediate assessment in clinical trials [259] . Though, enhanced autophagy has also been suggested to lead to cell death associated with excessive cytoplasmic vacuolization [265] , and the autophagic protein LC3B was shown to be capable to activate extrinsic and intrinsic apoptosis in response to various stress stimuli (i. e. amiodarone, cigarette smoke) [222, 266, 267] . Thus, careful consideration and further research are needed for the design of autophagy enhancing therapies.
As illustrated in our review, IPF and other forms of pulmonary fibrosis are characterized by apoptotic alveolar epithelial ER stress on the one side, and by exaggerated adaptive, survival-associated UPR signaling in fibroblast populations on the other side. Thus, it is intriguing to speculate that the outputs of UPR deregulation in IPF could be modulated in both distinct cell types to control cell fate under ER stress. It has been recently reported that the master UPR regulator IRE1α is capable of being drugged with small molecules [268, 269] . Murphy and coworkers showed that inhibition of IRE1α-mediated XBP1-splicing by the salicylaldehyde-based endonuclease inhibitor STF-083010 (which specifically inhibits the RNase activity of IRE1α without affecting IRE1α-kinase activity) abrogated fibroblast proliferation, myofibroblast differentiation and the consequent ECMprotein production in response to TGF-β in human lung fibroblasts in vitro [personal communications, see ref . 237] . Because spliced XBP1 is reported as a potent inducer of the pro-apoptotic acting CHOP protein under maladaptive, severe ER stress conditions [2,3], and since IRE1α itself becomes hyperactivated and degrades a large number of ER-localized mRNAs (encoding prosurvival proteins) under irremediable ER stress [16, 18, 19] , such strategy could also be suitable for preventing ER stressmediated apoptosis in alveolar epithelial cells. In line with this notion, a study from Ghosh and coworkers reported the successful attenuation of ER stress-induced apoptosis in epithelial MLE12 cells by using a similar, direct IRE1α-RNase inhibitor (DRI). Moreover, they could show that DRI administration into C57Bl/6 mice evidently reduced lung fibrosis in the bleomycin-tunicamycin model which the authors had established before as a model of ER stressinduced pulmonary fibrosis [personal communications, see ref . 270] .
Recently, the ′more advanced′ ATP-competitive IRE1α Kinase-Inhibiting RNase Attenuators (KIRAs) have been developed that allosterically inhibit the RNase activity of IRE1α through its kinase domain by preventing autophosphorylation and breaking the homooligomerization of IRE1α through its cytosolic kinase/ endoribonuclease (RNAse) domains [19, 269, 271] . The present best advanced KIRA, ′KIRA6′, has been shown to be efficient in two different animal models of ER stressinduced cell degeneration. It preserved photoreceptor functional viability in rat models of ER stress-induced retinal degeneration when injected into the vitreous [271] . Moreover, it prevented β-cell apoptosis and reduced hyperglycemia in a mouse model of diabetes (Akita mice) [19, 271] . However, the therapeutic potential of KIRAs in mouse models for pulmonary fibrosis in vivo has not yet been addressed. Taken together, therapeutic intervention of adaptive as well as pro-apoptotic IRE1α-signaling by ′KIRA6′ in fibrosis mouse models in vivo appears possible and efficient and should thus be further investigated in the future.
In conclusion, therapeutic strategies to modulate and control ER stress may be essential for the treatment of pulmonary fibrosis. But care should be taken to evaluate the question whether systemic suppression of ER stress is good for health.
Summary/Conclusion
Taken together, all the independent observations summarized in this review suggest that ER stress-induced apoptosis of AECII represents a common pathomechanistic principle in IPF, as well as in other forms of lung fibrosis, and that various mechanisms such as defective protein folding and processing, or DNA damage stress and genomic instability due to short dysfunctional telomeres, or viral/bacterial infection, or oxidative stress, can induce or aggravate ER stress and thereby contribute to the loss of AECII. On the other side, adaptive antiapoptotic ER stress mechanisms maintain fibroblast survival and abnormal ECM production by these cells in IPF, thereby contributing to "endless healing" and irreversible scar formation in this fatal disease. Since ER stress mediated-apoptosis of alveolar epithelium is the triggering event for IPF, therapeutic strategies should primarily aim to interfere with the AECII-localized proapoptotic ER stress-response. Figure 1 summarizes the origins of alveolar epithelial ER stress pathomechanisms in familial and sporadic idiopathic interstitial pneumonia.
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